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Abstract	
  
	
  
This	
   PhD	
   thesis	
   concerns	
   the	
   synthesis	
   of	
   new	
   ionic	
   transition	
  metal	
   complexes	
   based	
   on	
  
iridium(III)	
  complexes	
  for	
  applications	
  in	
  light-­‐emitting	
  electrochemical	
  cells	
  (LECs).	
  
	
  
Chapter	
   1	
   gives	
   a	
   short	
   introduction	
   to	
   the	
   historical	
   and	
   chemical	
   backgrounds	
   of	
   the	
  
element	
  iridium	
  and	
  of	
  LECs.	
  
Chapter	
  2	
  shows	
  the	
  importance	
  of	
  the	
  purity	
  of	
  the	
  anion	
  in	
  the	
  iridium(III)	
  complexes	
  on	
  
the	
  performance	
  of	
  LEC	
  devices.	
  
Chapter	
  3	
  shows	
  the	
  influence	
  of	
  changing	
  the	
  size	
  of	
  the	
  anion	
  on	
  the	
  LEC	
  performance	
  and	
  
its	
  direct	
  influence	
  on	
  the	
  mobility	
  of	
  the	
  ions	
  in	
  thin	
  films.	
  
Chapter	
   4	
   describes	
   the	
   synthesis	
   and	
   characterization	
   of	
   iridium(III)-­‐based	
   blue	
   emitters	
  
with	
  high	
  quantum	
  efficiency.	
  
Chapter	
   5	
   details	
   the	
   introduction	
   of	
   2,2’:6’,2’’-­‐terpyridine	
   (tpy)	
   ligands	
   in	
   the	
   field	
   of	
  
iridium(III)	
   complexes.	
   The	
  pendant	
  pyridine	
   ring	
  undergoes	
   intramolecular	
   face-­‐to-­‐face	
  π-­‐
stacking	
   interactions,	
   similar	
   to	
   pendant	
   phenyl	
   rings	
   of	
   2,2’-­‐bipyridine	
   (bpy)	
   ligands.	
   The	
  
NMR	
   spectroscopic	
   assignments	
   of	
   these	
   iridium(III)	
   complexes	
   are	
   shown.	
   Through	
   the	
  
extension	
   of	
   the	
   π-­‐conjugation	
   of	
   the	
   ancillary	
   ligand,	
   the	
   emission	
   maximum	
   of	
   the	
  
complexes	
  is	
  shifted	
  towards	
  the	
  red	
  region	
  of	
  the	
  visible	
  spectrum.	
  
Chapter	
   6	
   reports	
   further	
   tpy-­‐based	
   iridium(III)	
   complexes	
   and	
   their	
   performances	
   in	
   LEC	
  
devices.	
  
Chapter	
  7	
  discusses	
  the	
  stereochemistry	
  of	
  the	
  octahedral	
  iridium(III)	
  atom	
  and	
  shows	
  trials	
  
towards	
  multinuclear	
  iridium	
  compounds.	
  	
  
Chapter	
  8	
  concludes	
  this	
  PhD	
  thesis	
  and	
  gives	
  an	
  outlook	
  for	
  further	
  research	
  efforts.	
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Materials	
  and	
  Methods	
  
General	
  Experimental	
  
1H,	
  11B,	
  13C,	
  19F	
  and	
  31P	
  NMR	
  spectra	
  were	
  recorded	
  on	
  Bruker	
  DRX-­‐400,	
  DRX-­‐500,	
  DRX-­‐600	
  
or	
  Bruker	
  Avance	
  III-­‐400,	
  Avance	
  III-­‐500,	
  or	
  Avance	
  III-­‐600	
  NMR	
  spectrometers.	
  The	
  chemical	
  
shifts	
   were	
   referenced	
   as	
   follows:	
   for	
   1H	
   and	
   13C	
   NMR	
   spectra,	
   chemical	
   shifts	
   were	
  
referenced	
  to	
  residual	
  solvent	
  peaks	
  with	
  respect	
  to	
  δ(TMS)	
  =	
  0	
  ppm,	
  for	
  11B	
  with	
  respect	
  to	
  
Et2O.BF3	
  =	
  δB	
  0	
  ppm,	
  for	
  19F	
  an	
  external	
  reference	
  of	
  CFCl3	
  with	
  respect	
  to	
  δ	
  =	
  0	
  ppm,	
  and	
  for	
  
31P	
  with	
  respect	
  to	
  85%	
  H3PO4	
  =	
  δP	
  0	
  ppm.	
  Solution	
  absorption	
  spectra	
  were	
  recorded	
  on	
  an	
  
Agilent	
   8453	
   spectrophotometer.	
   Solution	
  emission	
   spectra	
  were	
   recorded	
  on	
  a	
   Shimadzu	
  
RF-­‐5301	
  PC	
  spectrofluorometer.	
  Solution	
  and	
  solid	
  state	
  quantum	
  yield	
  measurements	
  were	
  
recorded	
   on	
   a	
   Hamamatsu	
   11347-­‐11	
   (Standard	
   type)	
   Absolute	
   PL	
   Quantum	
   Yield	
  
Measurement	
  System.	
  The	
  quantum	
  yield	
  measurements	
  were	
  performed	
  using	
  HPLC	
  MeCN	
  
or	
   CH2Cl2	
   solutions	
   of	
   the	
   complexes.	
   Prior	
   to	
  measurement,	
   the	
   solutions	
   were	
   bubbled	
  
with	
  argon	
  for	
  15	
  minutes.	
  The	
  concentration	
  of	
  the	
  solution	
  was	
  adjusted	
  to	
  correspond	
  to	
  
give	
  absorption	
  =	
  0.1	
  a.u.	
  FT-­‐IR	
  spectra	
  were	
  recorded	
  using	
  a	
  Shimadzu	
  8400S	
   instrument	
  
with	
   Golden	
   Gate	
   accessory	
   for	
   solid	
   samples.	
   Electrospray	
   ionization	
   (ESI)	
   mass	
   spectra	
  
were	
  measured	
  using	
  a	
  Bruker	
  esquire	
  3000plus	
  mass	
  spectrometer.	
  Elemental	
  analyses	
  were	
  
measured	
   on	
   a	
   Leco	
   CHN-­‐900	
  microanalyser.	
   Electrochemical	
  measurements	
  were	
   carried	
  
out	
   using	
   cyclic	
   voltammetry	
   and	
   were	
   recorded	
   using	
   a	
   VersaSTAT	
   3	
   potentiostat	
   from	
  
Princeton	
  Applied	
  Research	
  with	
  glassy	
  carbon	
  working	
  and	
  platinum	
  auxiliary	
  electrodes;	
  a	
  
silver	
  wire	
  was	
   used	
   as	
   a	
   pseudo-­‐reference	
   electrode.	
   Solvent	
  was	
   dry,	
   purified	
  MeCN	
   or	
  
CH2Cl2	
  and	
  0.1	
  M	
  [nBu4N][PF6]	
  was	
  used	
  as	
  supporting	
  electrolyte.	
  Cp2Fe	
  was	
  used	
  as	
  internal	
  
reference.	
   A	
   Biotage	
   Initiator	
   8	
   reactor	
   was	
   used	
   for	
   the	
   syntheses	
   under	
   microwave	
  
conditions.	
   Fluka	
   silica	
   60	
   and	
  Merck	
   alumina	
   90	
  were	
   used	
   for	
   column	
   chromatography.	
  
NH4PF6	
  was	
  purchased	
   from	
  Alfa	
  Aesar	
  and	
  used	
  without	
   further	
  purification.	
  KB(CN)4	
  was	
  
purchased	
  from	
  SelectLab	
  and	
  used	
  without	
  further	
  purification.	
  
	
  
Scheme	
  1	
  C^N	
  ligand	
  structures	
  and	
  abbreviations.	
  
Tetrakis[3,5-­‐bis(trifluoromethyl)phenyl]borate	
   was	
   prepared	
   using	
   a	
   literature	
   procedure1	
  
[Ir2(ppy)4(μ-­‐Cl)2]	
   and	
   [Ir2(dmppz)4(μ-­‐Cl)2]	
   were	
   prepared	
   using	
   a	
   literature	
   procedure,2	
  
[Ir2(dfppz)4(μ-­‐Cl)2]	
  was	
  prepared	
  by	
  the	
  method	
  reported	
  by	
  Nonoyama.3	
  Scheme	
  1	
  depicts	
  
the	
   structures	
   of	
   the	
   C^N	
   ligands.	
   The	
   ligands	
   bpy,	
   2,4’-­‐bpy,	
   4,4’-­‐bpy	
   and	
   tbpy	
   were	
  
purchased	
  from	
  Acros	
  Organics	
  and	
  were	
  used	
  without	
  further	
  purification	
  (see	
  Scheme	
  2).	
  
The	
   ligands	
  pbpy,4	
  1,5	
  2,6	
  3,7	
   tpy,8	
  4,9	
  5	
   [PF6],10	
  6,11	
  7,12,	
  9	
  8,13	
  and	
  912,	
   9	
   	
  were	
  prepared	
  by	
  
literature	
  procedures	
  (see	
  Scheme	
  2	
  for	
  structures).	
  
XIII	
  
	
  
	
  
Scheme	
  2	
  N^N	
  ligand	
  structures	
  and	
  abbreviations.	
  
	
  
Crystallography	
  
Data	
   were	
   collected	
   on	
   either	
   a	
   Bruker-­‐Nonius	
   KappaAPEX	
   diffractometer	
   with	
   data	
  
reduction,	
  solution	
  and	
  refinement	
  using	
  the	
  programs	
  APEX2,14	
  SIR92,15	
  and	
  CRYSTALS,16	
  or	
  
on	
  a	
  Stoe	
   IPDS	
  diffractometer	
  using	
  Stoe	
   IPDS	
  software17	
  and	
  SHELXL97.18	
  Structures	
  were	
  
analysed	
  using	
  Mercury	
  v.	
  3.0.19,	
  20	
  
	
  
LEC	
  devices	
  
The	
  research	
  groups	
  of	
  Profs.	
  E.	
  C.	
  Constable	
  and	
  C.	
  E.	
  Housecroft	
  and	
  Dr.	
  H.	
  J.	
  Bolink	
  have	
  
collaborated	
  for	
  several	
  years	
  on	
   ionic	
  transition	
  metal	
  complexes	
  for	
   lighting	
  applications.	
  
For	
  this	
  thesis	
  the	
  collaboration	
  was	
  continued.	
  The	
  preparations	
  and	
  measurements	
  of	
  the	
  
complexes	
  in	
  LEC	
  devices	
  were	
  carried	
  out	
  in	
  the	
  laboratory	
  of	
  Dr.	
  Henk.	
  J.	
  Bolink	
  in	
  Valencia,	
  
Spain.	
  Measurements	
  were	
  performed	
  with	
  different	
  set-­‐ups:	
  5%	
  iTMC	
  in	
  PMMA,	
  the	
  iTMC	
  
together	
   with	
   an	
   ionic	
   liquid	
   [BMIM][PF6],	
   or	
   in	
   a	
   LEC	
   configuration	
  
(ITO/PEDOT:PSS/iTMC/Al).	
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Chapter	
  1	
   	
  
Chapter	
  1	
  
2	
  
	
  
1. Introduction	
  
1.1. Iridium	
  
Over	
  two	
  hundred	
  years	
  ago,	
  many	
  elements	
  were	
  still	
  missing	
  from	
  today’s	
  periodic	
  table	
  of	
  
the	
   elements.	
   In	
   London	
   in	
   1803	
   Smithson	
   Tennant,	
   who	
   also	
   discovered	
   osmium,	
   was	
  
working	
  with	
   crude	
  platina,	
  aqua	
   regia	
   and	
   several	
   other	
   chemicals.	
   After	
   heating,	
   fusing	
  
and	
  cooling,	
  he	
  finally	
  obtained	
  a	
  white	
  powder	
  which	
  he	
  described	
  as	
  follows:	
  
“...appeared	
  of	
  a	
  white	
  colour,	
  and	
  was	
  not	
  capable	
  of	
  being	
  melted,	
  by	
  any	
  degree	
  of	
  heat	
  I	
  
could	
  apply...	
   I	
   should	
   incline	
   to	
   call	
   this	
  metal	
   Iridium,	
   from	
   the	
   striking	
  variety	
  of	
   colours	
  
which	
  it	
  gives,	
  while	
  dissolving	
  in	
  marine	
  acid...“.1,	
  2,	
  3	
  
The	
  element	
  iridium,	
  together	
  with	
  ruthenium,	
  osmium,	
  rhodium,	
  palladium	
  and	
  platinum,	
  is	
  
a	
  member	
  of	
   the	
  platinum-­‐family	
  and	
  belongs	
  to	
  the	
  third	
  row	
  of	
   the	
  transition	
  metals.	
   In	
  
today’s	
  periodic	
  table	
  of	
  the	
  elements,	
  iridium	
  has	
  atomic	
  number	
  77	
  and	
  belongs	
  to	
  group	
  
9.	
  It	
  naturally	
  occurs	
  with	
  osmium	
  in	
  osmiridium.	
  This	
  native	
  alloy	
  has	
  variable	
  compositions	
  
with	
   15-­‐40%	
   osmium	
   and	
   50-­‐80%	
   iridium.4	
   The	
   natural	
   abundance	
   of	
   iridium	
   is	
   very	
   low,	
  
with	
  only	
  6	
   x	
  10-­‐6	
  ppm	
  Earth’s	
   crust.	
   Even	
   for	
  heavier	
   transition	
  metals,	
   this	
   abundance	
   is	
  
very	
  low.	
  Compared	
  to	
  gold,	
   iridium	
  is	
  five	
  times	
  less	
  abundant	
  in	
  the	
  Earth’s	
  crust.4,	
   5	
  The	
  
element	
   iridium	
   is	
   very	
   hard,	
   brittle,	
   lustrous,	
   silver-­‐coloured	
   and	
   is,	
   after	
   osmium,	
   the	
  
second	
  densest	
  element	
  (22.56	
  g	
  cm-­‐3).4	
  Iridium	
  is	
  very	
  unreactive	
  and	
  the	
  most	
  corrosion-­‐
resistant	
   metal	
   known,	
   even	
   at	
   high	
   temperatures	
   around	
   2000	
   °C.6	
   In	
   1889	
   the	
   Bureau	
  
International	
  des	
  Poids	
  et	
  Mesures	
  near	
  Paris	
  made	
  the	
   international	
  prototype	
  meter	
  and	
  
kilogram	
  mass	
  out	
  of	
  an	
  alloy	
  of	
  10%	
  iridium	
  and	
  90%	
  platinum.6	
  	
  
Iridium,	
   although	
   rare,	
   has	
   a	
   number	
   of	
   very	
   important	
   applications.	
   Today,	
   iridium-­‐
compounds	
  are	
  used	
  for	
  many	
  purposes.	
  In	
  the	
  catalysis	
  field,	
  in	
  the	
  CativaTM	
  process	
  iridium	
  
catalysts	
   are	
   used	
   for	
   the	
   large	
   scale	
   production	
   of	
   acetic	
   acid;7	
   Pfaltz	
   and	
   co-­‐workers	
  
showed	
  how	
  efficient	
  asymmetric	
  iridium	
  catalysts	
  could	
  be	
  for	
  asymmetric	
  hydrogenation;8	
  
the	
   dehydrogenation	
   of	
   alkanes	
   (i.e.	
   the	
   reverse	
   of	
   hydrogenation)	
   is	
   also	
   possible	
   with	
  
iridium	
  catalysts.9	
  Another	
  field	
  of	
  iridium	
  complexes	
  is	
  their	
  use	
  as	
  therapeutic	
  agents.	
  Only	
  
recently,	
   it	
  was	
   discovered,	
   that	
   bioactive	
   complexes	
   based	
   on	
   iridium	
   (and	
   rhodium)	
   are	
  
potential	
   alternatives	
   to	
   the	
   existing	
   platinum	
   and	
   ruthenium	
   metallodrugs.10	
   Another	
  
application	
  is	
  the	
  use	
  of	
  iridium	
  compounds	
  for	
  water	
  splitting,11,	
  12,	
  13	
  for	
  pH	
  sensing,14	
  or	
  for	
  
photovoltaic	
  applications.15	
  	
  
	
  
1.2. Oxidation	
  states	
  and	
  geometries	
  of	
  the	
  complexes	
  
Iridium	
  has	
  the	
  ability	
  to	
  form	
  compounds	
  in	
  many	
  different	
  oxidation	
  states,	
  starting	
  with	
  -­‐3	
  
(very	
   rare)	
   and	
   all	
   the	
   states	
   between	
   -­‐1	
   to	
   +6.	
   The	
   most	
   stable	
   ones	
   are	
   +3	
   and	
   +4.16	
  
Iridium(III)	
   has	
   a	
   [Xe]	
   5d6	
   electron	
   configuration.	
   The	
   geometrical	
   arrangement	
   of	
   donor	
  
atoms	
   around	
   an	
   iridium(III)	
   metal	
   centre	
   is	
   normally	
   octahedral.17	
   A	
   tris-­‐chelate	
   iridium	
  
complex	
   in	
   an	
   octahedral	
   environment	
   is	
   always	
   chiral,	
   yielding	
   two	
   enantiomers.	
   To	
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distinguish	
  the	
  two	
  forms,	
  the	
  octahedron	
  is	
  viewed	
  down	
  a	
  3-­‐fold	
  axis.	
  The	
  enantiomer	
  with	
  
left-­‐handedness	
  is	
  labelled	
  Λ,	
  and	
  that	
  with	
  right-­‐handedness	
  is	
  Δ	
  (Scheme	
  1.1).	
  
 
Scheme	
  1.1	
  Λ-­‐	
  (left-­‐handed)	
  and	
  Δ-­‐handedness	
  (right-­‐handed)	
  of	
  enantiomers	
  of	
  octahedral	
  complexes.	
  
In	
   the	
   free	
   Ir3+	
   ion,	
   the	
  d	
   orbitals	
   are	
  degenerate,	
   i.e.	
   in	
   the	
   gas	
  phase	
   ion	
  with	
  no	
   ligand	
  
field.	
  They	
  split	
  in	
  an	
  octahedral	
  ligand	
  field	
  by	
  the	
  amount	
  of	
  Δoct	
  (Figure	
  1.).18,	
  19	
  In	
  an	
  Oh-­‐
symmetric	
   complex,	
   a	
   d6	
   electronic	
   configuration	
   can	
   be	
   low	
   or	
   high-­‐spin,	
   with	
   a	
  
configuration	
  of	
  t2g6	
  eg0	
  or	
  t2g4	
  eg2	
  respectively.	
  Heavier	
  metals	
  have	
  a	
  larger	
  splitting	
  of	
  the	
  
t2g	
  and	
  eg	
   levels	
   (i.e.	
   large	
  Δoct	
  value)	
   than	
  1st	
   row	
  metals.	
  This	
   leads	
   to	
  heavier	
  metal	
   ions	
  
invariably	
  being	
  low	
  spin.	
  	
  
	
  
Figure	
  1.1	
  The	
  changes	
  in	
  the	
  energies	
  of	
  the	
  electrons	
  occupying	
  the	
  3d	
  orbitals	
  of	
  a	
  first	
  row	
  Mn+	
  ion	
  when	
  the	
  latter	
  is	
  
in	
  an	
  octahedral	
   crystal	
   field.	
  The	
  energy	
  changes	
  are	
  shown	
   in	
   terms	
  of	
   the	
  orbital	
  energies.	
  Similar	
  diagrams	
  can	
  be	
  
drawn	
  for	
  second	
  (4d)	
  and	
  third	
  (5d)	
  row	
  metal	
  ions.19	
  
Thus	
   the	
  electrons	
   in	
  d6	
   iridium(III)	
  are	
  paired,	
   leading	
   to	
  kinetically	
   inert	
  compounds	
  with	
  
diamagnetic	
   properties.20	
   The	
   amount	
   of	
   the	
   splitting	
   is	
   dependent	
   on	
   the	
   field	
   strength	
  
exerted	
  by	
  the	
  ligands.	
  	
  
	
  
1.3. Photophysical	
  properties	
  
Upon	
   light	
   absorption,	
   the	
   possible	
   electronic	
   transitions	
   from	
   the	
   ground	
   state	
   (GS)	
   are	
  
metal-­‐centred	
   (MC),	
   ligand-­‐centred	
   (LC)	
   or	
   metal-­‐to-­‐ligand	
   charge	
   transfer	
   (MLCT).	
   These	
  
Chapter	
  1	
  
4	
  
	
  
transitions	
   are	
   normally	
   between	
   singlet	
   states,	
   e.g.	
   from	
   the	
   singlet	
   GS	
   to	
   1LC,	
   1MC	
   or	
  
1MLCT.	
   For	
   ease	
   of	
   presentation,	
   in	
   Figure	
   1.2	
   the	
  metal	
   and	
   ligand	
   orbitals	
   are	
   depicted	
  
separately.	
   Additional	
   to	
   the	
   drawn	
   pathways	
   in	
   Figure	
   1.2,	
   in	
   principle	
   ligand-­‐to-­‐metal	
  
charge	
   transfers	
   (LMCT)	
   can	
   be	
   involved	
   too.	
   Depending	
   on	
   the	
   influence	
   of	
   the	
   ligands	
  
substituents	
  (S	
  in	
  Figure	
  1.2),	
  the	
  energy	
  level	
  of	
  the	
  ligand	
  orbitals	
  will	
  be	
  altered.	
  
According	
   to	
   the	
   spin	
   selection	
   rule,	
   d-­‐d	
   transitions	
   are	
   Laporte	
   forbidden	
   (e.g.	
   MC	
  
transitions	
  in	
  Figure	
  1.2).	
  Due	
  to	
  the	
  high	
  spin-­‐orbit	
  coupling	
  in	
  iridium,	
  a	
  singlet	
  state	
  mixes	
  
to	
   some	
   extent	
   with	
   a	
   triplet	
   state	
   and	
   thus,	
   these	
   spin-­‐forbidden	
   transitions	
   become	
  
“allowed”,	
  although	
  they	
  are	
  still	
  very	
  weak.21	
  	
  
	
  
Figure	
   1.2	
   Orbital	
   description	
   of	
   MC,	
  MLCT	
   and	
   LC	
   transitions;	
   S	
   is	
   a	
   substituent	
   group	
   capable	
   of	
   exerting	
   electron	
  
withdrawing	
  or	
  donating	
  effects	
  (resulting	
  in	
  stabilization	
  or	
  destabilization,	
  respectively,	
  of	
  the	
  energy	
  level	
  of	
  the	
  filled	
  
d	
  and	
  π	
  orbitals).18	
  
Finally,	
  the	
  emission	
  is	
  normally	
  from	
  triplet	
  states	
  back	
  to	
  the	
  ground	
  state	
  (Figure	
  1.3).	
  This	
  
is	
  due	
  to	
  the	
  high	
  spin-­‐orbit	
  coupling	
  constant	
  of	
  iridium	
  (ζ	
  =	
  3909	
  cm-­‐1),	
  which	
  leads	
  to	
  an	
  
efficient	
   intersystem	
  crossing	
   (ISC)	
   from	
  the	
  singlet	
   to	
   the	
  triplet	
  excited	
  state	
  and	
   inhibits	
  
non-­‐luminescent	
  pathways	
  of	
  electron-­‐hole	
  recombinations.22,	
  23,	
  24	
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Figure	
   1.3	
   Electronic	
   transitions	
   involving	
   MC,	
   MLCT	
   and	
   LC	
   excited	
   states;	
   the	
   MC	
   levels	
   are	
   non-­‐emissive	
   (dashed	
  
arrows).18	
  
As	
  the	
  emission	
  maximum	
  of	
  an	
   iridium	
  compound	
  strongly	
  depends	
  on	
  the	
  energy	
  of	
   the	
  
triplet	
  excited	
  MLCT	
  state	
  (3MLCT),	
  this	
  level	
  may	
  easily	
  be	
  modified	
  by	
  changing	
  the	
  ligands	
  
of	
   the	
   iridium	
   compound	
   (S	
   in	
   Figure	
   1.2).	
   Therefore,	
   in	
   recent	
   years,	
   these	
   properties	
   of	
  
iridium	
  compounds	
  opened	
  the	
  field	
  for	
  using	
  them	
  in	
  electroluminescence	
  applications	
  like	
  
organic	
  light-­‐emitting	
  diodes	
  (OLEDs)	
  and	
  light-­‐emitting	
  electrochemical	
  cells	
  (LECs).25,	
  26	
  The	
  
emission	
  maxima	
  can	
  be	
  altered	
  from	
  the	
  blue	
  region	
  (λem	
  =	
  452	
  nm),27	
  through	
  the	
  visible	
  
spectrum	
  to	
  the	
  red	
  region	
  (λem	
  =	
  687	
  nm)28	
  and	
  they	
  offer	
  high	
  quantum	
  efficiency.26	
  	
  
	
  
1.4. General	
  synthetic	
  strategies	
  
The	
  synthesis	
  of	
  [Ir(C^N)2(N^N)]+	
  complexes	
  is	
  relatively	
  facile.	
  Starting	
  with	
  iridium	
  trihalide	
  
(e.g.	
  IrCl3.xH2O)	
  and	
  a	
  cyclometallating	
  ligand	
  (e.g.	
  2-­‐phenylpyridine),	
  initial	
  studies	
  by	
  Watts	
  
and	
  co-­‐workers29,	
  30	
  established	
  the	
  chlorido-­‐bridged	
  iridium	
  dimer	
  (e.g.	
  [Ir2(ppy)4(µ-­‐Cl)2])	
  as	
  
the	
   key	
   intermediate	
   for	
   the	
   preparation	
   of	
   the	
   cationic	
   iridium(III)	
   complexes.31	
   Upon	
  
reacting	
  the	
  dimer	
  with	
  a	
  suitable	
  N^N	
  ligand	
  (e.g.	
  2,2’-­‐bipyridine),	
  followed	
  by	
  the	
  exchange	
  
of	
  the	
  anion	
  (e.g.	
  using	
  NH4PF6),	
  the	
  complexes	
  presented	
  in	
  this	
  work	
  were	
  prepared	
  (e.g.	
  
[Ir(ppy)2(bpy)][PF6],	
  see	
  Chapter	
  2).	
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Scheme	
  1.2	
  Reaction	
  scheme	
  of	
  the	
  complexation	
  reaction.	
  (i):	
  C^N	
  ligand,	
  2-­‐ethoxyethanol	
  and	
  water,	
  12	
  hr,	
  reflux	
  
under	
  nitrogen;	
  (ii):	
  N^N	
  ligand,	
  methanol,	
  2	
  hrs,	
  120	
  °C,	
  in	
  microwave	
  reactor;	
  (iii):	
  precipitation	
  via	
  anion	
  exchange.	
  
There	
  is	
  a	
  wide	
  variety	
  of	
  iridium(III)	
  complexes	
  known,	
  with,	
  for	
  example	
  2-­‐phenylpyridine,	
  
2-­‐(2,4’-­‐difluorophenyl)pyridine,	
   1-­‐phenylpyrazole,	
   7,8-­‐benzoquinoline,	
   3,5-­‐dimethyl-­‐1-­‐
phenylpyrazole	
   as	
   C^N	
   ligands,	
   and	
   2,2’-­‐bipyridine,	
   6-­‐phenyl-­‐2,2’-­‐bipyridine,	
   1,10-­‐
phenanthroline,	
  4,4’-­‐di-­‐tert-­‐butyl-­‐2,2’-­‐bipyridine	
  as	
  N^N	
  ligands.6,	
  24,	
  25	
  
	
  
1.5. Motivation	
  
In	
  the	
  last	
  decade	
  the	
  worldwide	
  energy	
  consumption	
  drastically	
  increased.	
  After	
  the	
  Second	
  
World	
  War,	
  one	
  solution	
  was	
  the	
  construction	
  of	
  nuclear	
  power	
  plants.	
  They	
  seemed	
  ideal	
  
for	
  all	
  needs	
  of	
  energy	
  for	
  future	
  decades.	
  In	
  1969	
  in	
  Lucens	
  (VD)	
  a	
  nuclear	
  research	
  reactor	
  
had	
  a	
  partial	
  nuclear	
  meltdown.	
  Luckily,	
  nobody	
  was	
  hurt,	
  as	
  this	
  nuclear	
  reactor	
  was	
  built	
  
underground	
   and	
   nobody	
   was	
   present	
   during	
   the	
   accident.32	
   In	
   1979	
   this	
   image	
   was	
  
shattered	
  with	
   the	
   incident	
   at	
   the	
  Three	
  Mile	
   Island	
   power	
   plant.	
   In	
   1986	
   the	
   accident	
   in	
  
Chernobyl	
  clearly	
  showed	
  the	
  possible	
  dangers	
  of	
  nuclear	
  power.	
  But	
   it	
   took	
  25	
  years	
  and	
  
another	
   accident,	
   in	
   Fukushima	
   in	
   2011,	
   to	
   help	
   the	
   Swiss	
   Government	
   to	
   think	
   about	
   a	
  
future	
  without	
  nuclear	
  power	
  stations.	
  	
  
One	
   possibility	
   to	
   prohibit	
   future	
   nuclear	
   accidents	
   is	
   to	
   replace	
   them	
   by	
   wind	
   turbines,	
  
geothermal	
  energy	
  and	
  solar	
  cells.	
  But	
   independent	
  of	
  any	
  new	
  energy	
  generators,	
  a	
  good	
  
plan	
  is	
  to	
  reduce	
  the	
  energy	
  consumption.	
  Therefore,	
  the	
  change	
  to	
  renewable	
  energies	
  can	
  
be	
  done	
  more	
  easily.	
   In	
  2009,	
   the	
   research	
  about	
  energy	
   in	
  Switzerland	
  was	
  supported	
  by	
  
213’500’000	
  CHF.33	
  
In	
  Switzerland	
  in	
  2011	
  13%	
  of	
  the	
  total	
  electric	
  power	
  consumption	
  was	
  used	
  for	
  lighting.34	
  
From	
   2000	
   to	
   2011	
   the	
   energy	
   consumption	
   for	
   illumination	
   increased	
   about	
   7%	
   to	
   total	
  
26.7	
  PJ	
  (1	
  PJ	
  =	
  1015	
  J).	
   In	
  order	
  to	
  reduce	
  this	
  huge	
  power	
  consumption,	
  conventional	
   light	
  
sources	
  like	
  light	
  bulbs	
  and	
  fluorescent	
  tubes,	
  which	
  lose	
  up	
  to	
  95%	
  of	
  the	
  electrical	
  power	
  
via	
   non-­‐emissive	
   heat	
   radiation,35	
   have	
   to	
   be	
   replaced	
   with	
   more	
   efficient	
   technologies,	
  
which	
   will	
   result	
   in	
   environmental	
   and	
   economic	
   savings.36	
   These	
   more	
   efficient	
  
technologies	
   involve	
   solid-­‐state	
   lighting	
   (SSL)	
   using	
   organic	
   or	
   inorganic	
   materials.	
   The	
  
working	
  principle	
  of	
  SSL	
   is	
  based	
  on	
  the	
  phenomena	
  of	
  electroluminescence	
   (EL).	
  EL	
   is	
   the	
  
conversion	
  of	
  electrical	
  energy	
  into	
  light	
  (Figure	
  1.4).	
  When	
  an	
  external	
  circuit	
  is	
  applied	
  to	
  a	
  
light-­‐emitting	
   material,	
   at	
   the	
   cathode	
   electrons	
   are	
   injected	
   into	
   the	
   lowest	
   unoccupied	
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molecular	
  orbital	
   (LUMO),	
  whereas	
  at	
   the	
  anode	
  electrons	
  are	
  extracted	
   from	
   the	
  highest	
  
occupied	
   molecular	
   orbital	
   (HOMO).	
   Upon	
   charge	
   migration,	
   eventually	
   they	
   meet	
   and	
  
recombine	
  radiatively,	
  producing	
  light.37	
  	
  
	
  
Figure	
   1.4	
   The	
   principle	
   of	
   electroluminescence	
   (EL).	
   At	
   the	
   cathode	
   (left	
   hand	
   side),	
   electrons	
   are	
   injected	
   into	
   the	
  
luminophore.	
  At	
  the	
  anode	
  (right	
  hand	
  side),	
  electrons	
  are	
  extracted,	
  and	
  thus,	
  holes	
  are	
  generated.	
  Both	
  electrons	
  and	
  
holes	
  migrate	
  through	
  the	
  film,	
  eventually	
  meeting	
  each	
  other	
  at	
  a	
  particular	
   luminophore,	
  thus	
  generating	
  an	
  excited	
  
state	
  (“exciton”).	
  Upon	
  the	
  return	
  of	
  the	
  electron	
  to	
  the	
  ground	
  state,	
  a	
  photon	
  is	
  released.6	
  
The	
  difference	
  of	
  photoluminescence	
  (PL)	
  compared	
  to	
  EL	
  is,	
  that	
  the	
  excitation	
  occurs	
  upon	
  
an	
  optical	
  excitation,	
  followed	
  by	
  the	
  relaxation	
  and	
  emission	
  of	
  a	
  photon.37	
  	
  
	
  
1.6. The	
  history	
  of	
  light	
  sources	
  
Starting	
  from	
  the	
  first	
   light	
  bulb	
  fabricated	
  in	
  the	
  19th	
  century,	
  there	
  has	
  been	
  a	
  significant	
  
development	
  in	
  their	
  design.	
  Initially,	
  the	
  working	
  principle	
  stayed	
  the	
  same	
  with	
  a	
  filament,	
  
and	
   has	
   developed	
   to	
   use	
   a	
   tungsten	
   filament,	
   leading	
   to	
   a	
  warm	
   and	
   bright	
  white	
   light.	
  
Most	
   people	
   connect	
   the	
   invention	
   of	
   the	
   light	
   bulb	
   with	
   the	
   name	
   Thomas	
   Edison	
   but	
  
historians	
   acknowledge	
   many	
   other	
   contributors	
   to	
   this	
   discovery,	
   starting	
   with	
   the	
  
discovery	
   of	
   an	
   electric	
   arc	
   by	
   Humphry	
   Davy	
   in	
   1803.38	
   120	
   years	
   later,	
   Oleg	
   Losev,	
   a	
  
Russian	
   technician	
   working	
   in	
   radio	
   laboratories,	
   discovered	
   the	
   luminescence	
   of	
   silicon	
  
carbide.	
  His	
  results	
  were	
  published	
  1927	
  by	
  the	
  journal	
  Telegrafiya	
  i	
  Telefoniya	
  bez	
  Provodov	
  
(Wireless	
   Telegraphy	
   and	
   Telephony)	
   in	
   Nizhniy	
   Novgorod,	
   Russia.39	
   This	
   has	
   evolved	
   into	
  
today’s	
  well	
   known	
   light-­‐emitting	
  diode	
   (LED).	
   The	
   research	
  effort	
   in	
   the	
   field	
  of	
   LEDs	
  has	
  
yielded	
  many	
  applications	
  used	
  in	
  our	
  daily	
  lives,	
  e.g.	
  in	
  computers,	
  displays,	
  lighting	
  devices	
  
and	
   mobile	
   phones.	
   Some	
   advantages	
   of	
   a	
   LED	
   compared	
   to	
   a	
   light	
   bulb	
   are	
   its	
   higher	
  
robustness,	
  lower	
  energy	
  consumption	
  and	
  a	
  longer	
  lifetime.	
  But	
  the	
  production	
  is	
  still	
  very	
  
energy-­‐consuming,	
   e.g.	
   as	
   they	
   need	
   high-­‐vacuum	
   conditions	
   to	
   grow	
   the	
   doped	
   single	
  
crystals	
  which	
  are	
  the	
  cores	
  of	
  the	
  LEDs.	
  
Possible	
   successors	
   of	
   LEDs	
   fabricated	
   from	
   solid	
   state	
   materials,	
   at	
   least	
   in	
   some	
   of	
   its	
  
applications,	
   are	
   LEDs	
   based	
   on	
   organic	
   molecules.	
   Today	
   there	
   are	
   many	
   commercial	
  
products	
   available	
   using	
   organic	
   light-­‐emitting	
   diodes	
   (OLEDs).	
   The	
   first	
   report	
   of	
  
electroluminescent	
  organic	
  molecules	
  was	
   in	
  1953.40	
  The	
  potential	
  of	
  their	
  applications	
  for	
  
display	
   technology	
   has	
   led	
   to	
   a	
   big	
   effort	
   in	
   researching	
   the	
   field	
   of	
   OLEDs.	
   Today	
   OLED	
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displays	
   offer	
   better	
   contrast,	
   lower	
   energy	
   consumption	
   and	
   wider	
   angles	
   of	
   vision	
   in	
  
applications	
   like	
   mobile	
   phones,	
   digital	
   cameras	
   and	
   computer	
   screens,	
   replacing	
   liquid-­‐
crystal	
  displays	
  (LCD).	
  The	
  production	
  of	
  OLEDs	
  needs	
  less	
  energy,	
  compared	
  to	
  a	
  LED,	
  due	
  to	
  
the	
   absence	
   of	
   single	
   crystals.	
   The	
   development	
   of	
   OLEDs	
   allows	
   depositing	
   the	
  material	
  
with	
  inkjet	
  printers.41	
  This	
  may	
  ease	
  the	
  production	
  of	
  lighting	
  applications	
  towards	
  low-­‐cost	
  
roll-­‐to-­‐roll	
  coating	
  methods	
  for	
  large-­‐area	
  emissive	
  devices.42	
  The	
  big	
  research	
  effort	
  led	
  to	
  
higher	
   efficiencies,	
   enhanced	
   brightness	
   and	
   improved	
   lifetimes	
   of	
   the	
   devices.43	
   Today,	
  
OLEDs	
  are	
  already	
  used	
   in	
   flat-­‐panels,	
   e.g.	
   computer	
   and	
  TV	
   screens	
  or	
   in	
  mobile	
  phones,	
  
and	
  they	
  are	
  suitable	
  for	
  flexible	
  applications.43	
  
But	
   there	
  are	
  also	
  some	
  disadvantages	
  of	
  OLEDs.	
  As	
   they	
  contain	
  neutral	
  emissive	
  organic	
  
molecules,	
  they	
  need	
  a	
  multilayer	
  structure	
  (see	
  Figure	
  1.5).	
  The	
  different	
  layers	
  are	
  used	
  for	
  
efficient	
  electron	
  injection,	
  as	
  the	
  injection	
  barrier	
  is	
  too	
  high,	
  and	
  for	
  charge	
  transport.	
  Due	
  
to	
  the	
  need	
  for	
  a	
  low	
  work	
  function	
  in	
  the	
  cathode,	
  air-­‐reactive	
  materials	
  are	
  used.	
  Overall,	
  
the	
  multilayer	
  structure	
  requires	
  multiple	
  evaporation-­‐sublimation	
  processes	
  under	
  vacuum	
  
and	
   finally	
   the	
   OLED	
   device	
   needs	
   a	
   rigorous	
   encapsulation	
   to	
   prevent	
   degradation	
  
processes	
  and	
  to	
  protect	
  the	
  air-­‐reactive	
  electrodes.24,	
  25	
  	
  
	
  
1.7. The	
  discovery	
  of	
  the	
  LEC	
  
The	
  first	
  solid-­‐state	
  light-­‐emitting	
  electrochemical	
  cell	
  (LEC)	
  was	
  reported	
  in	
  1995.44	
  This	
  LEC	
  
was	
   based	
   on	
   polymers:	
   a	
   semiconducting	
   polymer,	
   an	
   ion-­‐conducting	
   polymer	
   and	
   an	
  
inorganic	
  salt,	
  sandwiched	
  between	
  two	
  electrodes.	
  Besides	
  the	
  polymer-­‐based	
  LECs,	
  there	
  
is	
  another	
  family	
  of	
  LECs	
  which	
  employ	
  small	
  cationic	
  complexes.	
  To	
  this	
  family	
  belong	
  the	
  
LECs	
   based	
   on	
   ionic	
   transition	
   metal	
   complexes	
   (iTMCs).45,	
   46	
   In	
   2004,	
   the	
   first	
   iTMC	
   LEC	
  
based	
  on	
  ionic	
  iridium(III)	
  complexes	
  was	
  reported.24	
  The	
  iTMC	
  LEC	
  offers	
  a	
  simplified	
  device	
  
structure	
   compared	
   to	
   polymer	
   LECs,	
   as	
   no	
   additional	
   inorganic	
   salts	
   or	
   ion	
   conducting	
  
polymers	
  are	
  required,	
  but	
  the	
  iTMC	
  supports	
  all	
  the	
  required	
  processes	
  for	
  driving	
  the	
  LEC	
  
device:	
  charge	
   injection,	
  charge	
  transport	
  and	
  finally	
  emissive	
  recombination.	
  The	
  simplest	
  
LECs	
   containing	
   ionic	
   species	
   may	
   consist	
   of	
   only	
   a	
   single	
   active	
   layer	
   of	
   the	
   iTMC	
  
sandwiched	
  by	
  two	
  electrodes	
  (Figure	
  1.5).	
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Figure	
  1.5	
  Comparison	
  of	
  the	
  device	
  architecture	
  of	
  an	
  OLED	
  and	
  an	
  iTMC	
  LEC.25	
  
In	
  a	
  LEC,	
  the	
  anode	
  consists	
  of	
  indium-­‐tin-­‐oxide	
  (ITO)	
  and	
  injects	
  positive	
  charges,	
  or	
  holes,	
  
into	
   the	
  highest	
   occupied	
  molecular	
   orbital	
   (HOMO)	
  of	
   the	
   iTMC.	
   The	
   cathode	
   consists	
   of	
  
aluminium	
  or	
  other	
  conducting	
  metal	
   (e.g.	
  gold,	
   silver)	
  and	
  negative	
  charges,	
  or	
  electrons,	
  
are	
   injected	
   into	
   the	
   lowest	
   unoccupied	
   molecular	
   orbital	
   (LUMO)	
   of	
   the	
   iTMC.	
   When	
  
applying	
   a	
   bias,	
   the	
   holes	
   and	
   electrons	
   migrate	
   towards	
   the	
   cathode	
   and	
   anode	
  
respectively.	
  When	
  they	
  meet	
   in	
   the	
  emissive	
   layer,	
   they	
  may	
  form	
  an	
  exciton,	
  which	
  may	
  
lead	
  to	
  a	
  radiative	
  recombination	
  and	
  therefore	
  emission	
  of	
  light.59	
  
There	
   are	
   many	
   benefits	
   in	
   using	
   LECs	
   for	
   lighting	
   applications.	
   In	
   addition	
   to	
   the	
   points	
  
mentioned	
   above,	
   LECs	
  operate	
   at	
   very	
   low	
  driving	
   voltages,	
   yielding	
  high	
  power	
   efficient	
  
devices.43	
  The	
  device	
  architecture	
  type	
  is	
  simple,	
  iTMCs	
  allow	
  solution	
  processing	
  and	
  spin-­‐
coating	
  techniques	
  and	
  the	
  air-­‐stable	
  electrodes	
  do	
  not	
  require	
  rigid	
  encapsulation.	
  25,	
  58	
  
The	
  iTMCs	
  are	
  intrinsic	
  molecular	
  semiconductors.	
  Assuming	
  an	
  octahedral	
  (Oh)	
  metal	
  centre	
  
(e.g.	
  iridium(III)),	
  the	
  HOMO	
  is	
  the	
  t2g	
  of	
  the	
  metal	
  centre,	
  whereas	
  the	
  LUMO	
  is	
  a	
  π*	
  orbital	
  
of	
  the	
  ligands.47	
  The	
  calculated	
  HOMO	
  and	
  the	
  LUMO	
  of	
  the	
  complex	
  [Ir(dfppz)2(pbpy)][PF6]	
  
is	
  given	
  in	
  Figure	
  1.6	
  (also	
  see	
  Chapter	
  4).67	
  
	
  
Figure	
   1.6	
   Locations	
   of	
   the	
   calculated	
   HOMO	
   on	
   the	
   dfppz	
   and	
   LUMO	
   on	
   the	
   pbpy	
   ligand	
   of	
   the	
   complex	
  
[Ir(dfppz)2(pbpy)][PF6].
67	
  
Chapter	
  1	
  
10	
  
	
  
When	
  a	
  bias	
  is	
  applied	
  in	
  a	
  LEC,	
  electrons	
  are	
  injected	
  from	
  the	
  cathode	
  and	
  holes	
  from	
  the	
  
anode	
   into	
   the	
   iTMC.	
   Via	
   hopping,	
   these	
   carriers	
   are	
   transported	
   towards	
   the	
   opposite	
  
electrode.	
   They	
   may	
   recombine	
   under	
   emission	
   of	
   light	
   at	
   a	
   characteristic	
   colour,	
  
corresponding	
  to	
  the	
  energy	
  gap	
  of	
  the	
  iTMC.	
  Very	
  important	
  for	
  the	
  operation	
  of	
  these	
  LECs	
  
are	
   the	
   counter	
   ions,	
   e.g.	
   [PF6]-­‐	
  which	
  are	
  mobile	
   in	
   the	
   film	
  at	
   room	
   temperature.	
  Under	
  
bias,	
   they	
   redistribute	
   and	
   thus	
   assist	
   the	
   injection	
   of	
   electronic	
   carriers,47	
   e.g.	
  
[Ir(ppy)2(bpy)][PF6]48	
   is	
   ionically	
   conducting.	
   Under	
   an	
   applied	
   current,	
   the	
   [PF6]-­‐	
   anion	
  
moves	
  towards	
  the	
  anode,	
  whereas	
  the	
  cation	
  [Ir(ppy)2(bpy)]+	
  moves	
  towards	
  the	
  cathode.	
  
This	
  rearrangement	
  eases	
  the	
  electronic	
  charge	
  injection,	
  makes	
  the	
  device	
  independent	
  of	
  
the	
  work	
  function	
  of	
  the	
  electrodes	
  and	
  therefore,	
  unlike	
  in	
  OLEDs,	
  air-­‐stable	
  electrodes	
  can	
  
be	
  used,	
  e.g.	
  gold,	
  silver	
  or	
  aluminium.	
  	
  
Even	
  with	
  the	
  extensive	
  research	
  efforts	
  in	
  the	
  field	
  of	
  iTMC-­‐based	
  LECs	
  in	
  the	
  last	
  few	
  years,	
  
the	
  detailed	
  working	
   principles	
   are	
   still	
   being	
   debated.	
   There	
   are	
   principally	
   two	
  different	
  
models	
   about	
   the	
   role	
   of	
   the	
   ions	
   and	
   the	
   spatial	
   distribution	
   of	
   the	
   electric	
   field	
   in	
   an	
  
operating	
  LEC	
  device.44,	
  46,	
  47	
  	
  
Additionally,	
  the	
  synthesis	
  and	
  purification	
  of	
  the	
  complexes	
  is	
  relatively	
  facile	
  (see	
  Scheme	
  
1.2)23	
   and	
   as	
   they	
   have	
   a	
   phosphorescent	
   nature,	
   they	
   potentially	
   emit	
   with	
   high	
  
efficiencies.49,	
  50	
  	
  
The	
   phosphorescent	
   emission	
   comes	
   from	
   triplet	
   states	
   (S=1,	
   spin-­‐forbidden	
   transition),	
  
whereas	
  the	
  fluorescent	
  emission	
  originates	
  from	
  singlet	
  state	
  (S=0,	
  spin-­‐allowed	
  transition).	
  
In	
  an	
  electrically	
  driven	
  device	
  (EL),	
  statistics	
  of	
  the	
  number	
  of	
  states	
  (1	
  singlet	
  state,	
  3	
  triplet	
  
states)	
  leads	
  to	
  the	
  following	
  total-­‐excited	
  state	
  populations:	
  25%	
  of	
  the	
  injected	
  charges	
  are	
  
in	
   a	
   singlet	
   state,	
  whereas	
   75%	
   are	
   in	
   triplet	
   states.51	
   A	
   direct	
   consequence	
   is	
   the	
   higher	
  
efficiency	
   of	
   compounds	
   which	
   are	
   not	
   exclusively	
   fluorescent,	
   but	
   also	
   phosphorescent.	
  
Iridium(III)	
   complexes	
   containing	
   cyclometallating	
   2-­‐phenylpyridine	
   (Hppy)	
   ligands	
   or	
   their	
  
derivatives	
   offer	
   high	
   triplet	
   quantum	
   yields	
   which	
   leads	
   to	
   high	
   phosphorescent	
  
efficiencies.22,	
  49,	
  50,	
  52	
  As	
  the	
  high	
  spin-­‐orbit	
  coupling	
  leads	
  to	
  a	
  mixing	
  of	
  the	
  singlet	
  and	
  the	
  
triplet	
   excited	
   states,	
   the	
  population	
  of	
   the	
   triplet	
   state	
   is	
   enhanced	
   through	
   inter-­‐system	
  
crossing	
  and	
  thus	
  the	
  high	
  quantum	
  yield.	
  Additionally,	
  a	
  relatively	
  short	
  phosphorescence	
  
lifetime	
  further	
  increases	
  the	
  performance	
  of	
  a	
  phosphorescent	
  material.	
  	
  
	
  
1.8. From	
  ruthenium(II)	
  and	
  osmium(II)	
  to	
  iridium(III)	
  	
  
The	
  first	
  LECs	
  based	
  on	
  iTMCs	
  consisted	
  mainly	
  of	
  ruthenium(II)	
  and	
  osmium(II)	
  complexes23,	
  
53	
  However,	
  emission	
  maxima	
  were	
  limited	
  to	
  the	
  region	
  of	
  red	
  to	
  orange	
  because	
  of	
  the	
  low	
  
ligand-­‐field	
  stabilization	
  energies	
  (LFSEs).	
  Additionally	
  their	
  luminescent	
  efficiencies	
  are	
  low	
  
and	
   therefore	
   limit	
   their	
   applications	
   in	
   lighting	
   devices.40	
   In	
   2002,	
   the	
   highest	
   reported	
  
external	
   quantum	
  efficiency	
   (EQE)	
   of	
   a	
   ruthenium	
  based	
   LEC	
  was	
   0.055.54	
   To	
   achieve	
   this	
  
high	
   efficiency	
   multi-­‐layered	
   devices	
   were	
   needed.	
   The	
   first	
   iTMC	
   LEC	
   based	
   on	
   an	
  
iridium(III)	
   complex	
   exhibited	
   a	
   four	
   times	
   higher	
   quantum	
   efficiency	
   with	
   0.235.24	
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Additionally,	
  there	
  was	
  a	
  significant	
  shift	
  in	
  the	
  emission	
  maximum	
  towards	
  the	
  blue	
  region	
  
with	
   λem	
   =	
   558	
   nm,	
   being	
   a	
   bright	
   yellow.	
   This	
   emission	
   maximum	
   was	
   achievable	
   in	
  
acetonitrile	
  solutions	
  as	
  well	
  as	
  in	
  spin-­‐coated	
  films.	
  	
  
Since	
  2004,	
  most	
  of	
  the	
  breakthroughs	
   in	
  the	
  research	
  field	
  of	
  LECs,	
  such	
  as	
  colour	
  tuning,	
  
efficiency,	
  turn-­‐on	
  time	
  and	
  stability,	
  have	
  been	
  done	
  incorporating	
  iridium(III)	
  complexes.6,	
  
24,	
  25,	
  43	
  As	
  mentioned	
  before,	
  the	
  advantages	
  of	
  iridium(III)	
  LECs	
  over	
  ruthenium(II)	
  LECs	
  are	
  
the	
   better	
   colour	
   tunability,	
   the	
   higher	
   quantum	
   yields	
   and	
   the	
   higher	
   stability	
   of	
   the	
  
complexes.	
  	
  
	
  
1.9. Tuning	
  the	
  emission	
  maximum	
  
Starting	
  with	
   the	
   yellow	
   emission	
   of	
   the	
   first	
   iridium(III)	
   LEC,25	
   DFT	
   calculations	
   helped	
   in	
  
understanding	
   the	
   localization	
  of	
   the	
  HOMO	
  and	
   LUMO	
   in	
   these	
   compounds.55	
  As	
   seen	
   in	
  
Figure	
   1.6,	
   the	
   HOMO	
   is	
   usually	
   centred	
   over	
   the	
   cyclometallating	
   C^N	
   ligands	
   and	
   the	
  
iridium	
  atom,	
  while	
   the	
   LUMO	
   is	
   localized	
  on	
   the	
  ancillary	
  N^N	
   ligand	
   (see	
  Figure	
  1.6	
  and	
  
Figure	
  1.7).	
  These	
  are	
  the	
  two	
  main	
  points	
  to	
  change	
  the	
  environment	
  of	
  the	
  iridium	
  atom	
  
and	
  therefore	
  to	
  alter	
  the	
  emission	
  maximum	
  of	
  an	
  iridium(III)	
  complex.	
  	
  
	
  
Figure	
  1.7	
  Locations	
  of	
  the	
  HOMO	
  and	
  LUMO	
  on	
  an	
  ionic	
  iridium(III)	
  complex.	
  
To	
  increase	
  the	
  band	
  gap	
  between	
  the	
  HOMO	
  and	
  LUMO,	
  the	
  HOMO	
  needs	
  to	
  be	
  stabilized,	
  
thus	
  lowering	
  its	
  energy	
  level,	
  and/or	
  the	
  LUMO	
  needs	
  to	
  be	
  destabilized,	
  i.e.	
  increasing	
  its	
  
energy	
  level.	
  	
  
To	
  stabilize	
  the	
  HOMO,	
  electron-­‐withdrawing	
  substituents	
  such	
  as	
  -­‐F	
  or	
  -­‐CF3	
  are	
  widely	
  used.	
  
To	
   destabilize	
   the	
   LUMO,	
   electron-­‐donating	
   substituents	
   such	
   as	
   -­‐N(CH3)2	
   are	
   attached	
   to	
  
the	
  ancillary	
  ligand.	
  6,	
  24,	
  55,	
  56,	
  57,	
  58	
  	
  
With	
   the	
   reverse	
  approach,	
   compounds	
  can	
  be	
  designed	
  with	
  emission	
  maxima	
   in	
   the	
   red	
  
region	
  of	
  the	
  visible	
  spectrum.	
  A	
  smaller	
  band	
  gap,	
  and	
  therefore	
  a	
  red	
  shift,	
  will	
  be	
  achieved	
  
by	
  destabilizing	
  the	
  HOMO	
  and/or	
  stabilizing	
  the	
  LUMO.	
  This	
  can	
  be	
  achieved	
  by	
  attaching	
  
electron-­‐withdrawing	
  groups	
  to	
  the	
  ancillary	
   ligand	
  or	
  by	
   increasing	
  the	
  conjugation	
  length	
  
of	
  the	
  ligands.50,	
  57,	
  59	
  Combining	
  red	
  and	
  blue	
  emitting	
  iridium(III)	
  compounds	
  may	
  lead	
  to	
  a	
  
white	
   emitting	
   LEC	
   device.60	
   This	
   has	
   been	
   achieved	
   by	
   doping	
   a	
   small	
   amount	
   of	
   a	
   red	
  
Chapter	
  1	
  
12	
  
	
  
emitting	
  complex	
  (λem	
  =	
  656	
  nm,	
  QY	
  =	
  0.20,	
  0.2-­‐0.4%	
  of	
  weight),	
  into	
  a	
  layer	
  of	
  a	
  blue-­‐green	
  
emitting	
  complex	
  (λem	
  =	
  497	
  nm,	
  QY	
  =	
  0.66).	
  	
  
	
  
1.10. Lifetime,	
  turn-­‐on	
  time	
  and	
  efficiency	
  	
  
The	
  lifetime	
  of	
  a	
  LEC	
  is	
  a	
  measure	
  of	
  the	
  stability	
  of	
  the	
  device	
  and	
  is	
  still	
  a	
  difficult	
  problem.	
  
The	
  turn-­‐on	
  time	
  and	
  finally	
  the	
  efficiency	
  of	
  the	
  emission	
  are	
  also	
  properties	
  of	
  a	
  LEC	
  that	
  
must	
  be	
  improved.	
  	
  
A	
  major	
  breakthrough	
  in	
  device	
  lifetime	
  was	
  the	
  discovery	
  of	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐π	
  
stacking	
   interaction61	
   within	
   the	
   iridium(III)	
   complex	
   [Ir(ppy)2(pbpy)][PF6].6,	
   62	
   The	
  
intramolecular	
  stacking	
  interaction	
  is	
  between	
  the	
  free	
  phenyl	
  ring	
  of	
  the	
  ancillary	
  bpy	
  ligand	
  
and	
  one	
  of	
  the	
  phenyl	
  rings	
  of	
  the	
  cyclometallating	
  ligands.	
  This	
  leads	
  to	
  a	
  cage	
  effect,	
  which	
  
protects	
  the	
  complex	
  from	
  degradation	
  reactions,	
  even	
  in	
  the	
  excited	
  state	
  of	
  the	
  molecule.	
  
The	
   result	
  was	
   an	
   enhancement	
   of	
   the	
   lifetime	
   from	
   60	
   hours	
   to	
  more	
   than	
   3000	
   hours.	
  
Additionally	
   the	
   increase	
  of	
   the	
   lifetime	
  did	
  not	
   affect	
   the	
   turn-­‐on	
   time,	
   compared	
  with	
   a	
  
non-­‐supramolecularly	
  caged	
  complex.	
  
	
  
Figure	
  1.8	
  Current	
  density	
  (●)	
  and	
  luminance	
  (○)	
  versus	
  time	
  for	
  the	
  complex	
  [Ir(ppy)2(pbpy)][PF6].
62	
  
A	
  second	
  pendant	
  phenyl	
  ring	
  on	
  the	
  N^N	
  ligand	
   leads	
  to	
  a	
  second	
  intramolecular	
  face-­‐to-­‐
face	
   π-­‐stacking	
   with	
   the	
   other	
   C^N	
   ligand	
   in	
   the	
   complex.63	
   Interestingly,	
   this	
   second	
  
intramolecular	
   π-­‐stacking	
   interaction	
   did	
   not	
   improve	
   the	
   lifetime	
   further.	
   A	
   possible	
  
explanation	
  is	
  the	
  distortion	
  of	
  the	
  planarity	
  of	
  the	
  bipyridine	
  ligand	
  due	
  to	
  the	
  two	
  stacking	
  
interactions.	
  Quantum	
  chemical	
   calculations	
   show	
  that	
   this	
  distortion	
  of	
  planarity	
   leads	
   to	
  
decreased	
  energy	
  difference	
  between	
  the	
  emitting	
  triplet	
  and	
  the	
  MC	
  triplet	
  state,	
  therefore	
  
yielding	
  a	
  complex	
  more	
  susceptible	
  to	
  emission	
  losses	
  and	
  degradation	
  reactions.	
  
N
N
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N
N
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The	
  discovery	
  of	
  this	
   intramolecular	
  stacking	
   interaction	
  restarted	
  the	
  research	
  for	
  a	
  wider	
  
range	
   of	
   emitted	
   colours	
   with	
   enhanced	
   lifetimes.	
   The	
   second	
   possibility	
   to	
   protect	
   the	
  
complex	
   from	
   degradation	
   is	
   the	
   introduction	
   of	
   bulky	
   side-­‐groups.	
   These	
   lower	
   the	
  
possibility	
  of	
  a	
  degradation	
  reaction	
  of	
  the	
  complex	
  as	
  well.25,	
  64	
  The	
  approach	
  was	
  similar	
  to	
  
the	
  colour	
  tuning	
  after	
  the	
  first	
  reported	
  iridium	
  based	
  LEC	
  and	
  is	
  still	
  under	
  investigation.65,	
  
66	
  	
  
Besides	
  the	
  lifetime	
  of	
  an	
  LEC,	
  the	
  turn-­‐on	
  time	
  is	
  also	
  very	
   important.	
  The	
  turn-­‐on	
  time	
  is	
  
the	
  time	
  required	
  under	
  constant	
  bias	
  to	
  reach	
  maximum	
  brightness.	
  The	
  range	
  of	
  turn-­‐on	
  
times	
  for	
  LEC	
  devices	
  is	
  between	
  several	
  seconds	
  and	
  hundreds	
  of	
  hours.24,	
  67	
  For	
  commercial	
  
products,	
   the	
   turn-­‐on	
   time	
   has	
   generally	
   to	
   be	
   shortened	
   to	
   seconds.	
   There	
   are	
   several	
  
starting	
   points	
   to	
   shorten	
   the	
   turn-­‐on	
   time	
   of	
   a	
   LEC	
   device,	
   such	
   as	
   the	
   applied	
   bias,	
   the	
  
mobility	
  of	
  the	
  ions	
  and	
  the	
  addition	
  of	
  ionic	
  liquids	
  or	
  polymers.	
  Unfortunately,	
  a	
  gain	
  in	
  the	
  
turn-­‐on	
   time	
   often	
   yields	
   a	
   lower	
   stability	
   and	
   therefore	
   a	
   shorter	
   lifetime	
   of	
   the	
   LEC	
  
device.24,	
  25	
  	
  
The	
   third	
   important	
   issue	
   is	
   efficiency	
   of	
   a	
   LEC	
   device.	
   To	
   compare	
   different	
   LEC	
   devices,	
  
often	
   the	
  external	
  quantum	
  efficiency	
   (EQE)	
   is	
  measured.	
   The	
  EQE	
   is	
   the	
   ratio	
  of	
  photons	
  
emerging	
  from	
  the	
  device	
  per	
  electron	
   injected.24	
  As	
  already	
  shown	
  in	
  the	
  first	
  publication	
  
concerning	
   iridium	
   LECs,	
   high	
   EQEs	
   can	
   be	
   achieved	
   with	
   a	
   single	
   layer	
   of	
   an	
   iTMC	
  
sandwiched	
  between	
  two	
  electrodes.23,	
  24	
  
In	
   LEC	
  devices,	
   if	
   the	
   complexes	
   are	
   spatially	
   very	
   close,	
   they	
   likely	
   undergo	
  non-­‐radiative	
  
self-­‐quenching	
  processes.	
   There	
  are	
   two	
  possibilities,	
   to	
   reduce	
   the	
   close	
  proximity	
  of	
   the	
  
complexes.	
  The	
  addition	
  of	
  an	
  inert	
  polymer	
  such	
  as	
  poly(methyl	
  methacrylate)	
  (PMMA)	
  or	
  
poly(carbonate)	
  (PC),	
  or	
  by	
  introduction	
  of	
  steric	
  hindrance	
  on	
  the	
  ancillary	
  ligand,	
  via	
  bulky	
  
groups,	
  in	
  order	
  to	
  improve	
  the	
  device	
  efficiency.24,	
  56	
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2. The	
  influence	
  of	
  trace	
  amounts	
  of	
  chloride	
  counterions	
  on	
  
the	
  performance	
  of	
  an	
  iridium(III)	
  complex	
  in	
  LEC	
  devices	
  
	
  
2.1. Introduction	
  
The	
  established	
  collaboration	
  between	
  the	
  research	
  group	
  of	
  Profs.	
  E.	
  C.	
  Constable	
  and	
  C.	
  E.	
  
Housecroft	
  with	
  the	
  group	
  of	
  Dr.	
  H.	
  J.	
  Bolink	
  in	
  Valencia	
  (Spain)	
  has	
  generated	
  many	
  results	
  
towards	
   the	
   understanding	
   of	
   LEC	
   devices	
   consisting	
   of	
   ionic	
   transition	
   metal	
   complexes	
  
(iTMCs).	
   Compounds,	
   such	
   as	
   [Ir(ppy)2(pbpy)][PF6],1,2	
   [Ir(ppy)2(bpy)][PF6]3	
   and	
  
[Ir(ppy)2(phen)][PF6]3	
   have	
   previously	
   been	
   used	
   to	
   investigate	
   enhancements	
   of	
   the	
  
architecture	
  and	
  the	
  working	
  principles	
  of	
  the	
  LEC	
  devices.	
  	
  
The	
   group	
  of	
  H.	
   J.	
   Bolink	
   needed	
   approximately	
   1	
   g	
   of	
   the	
   complex	
   [Ir(ppy)2(bpy)][PF6]	
   to	
  
continue	
   studies	
  on	
   this	
   compound.	
   The	
   synthesis	
  was	
  done	
  using	
   the	
   same	
  experimental	
  
methodology	
   as	
   the	
   previously	
   synthesized	
   batches.3	
   For	
   convenience,	
   this	
   established	
  
synthetic	
  route	
  is	
  labelled	
  batch	
  1	
  in	
  the	
  experimental	
  section	
  (see	
  section	
  2.7.1).	
  The	
  newly	
  
synthesised	
  1	
  g	
   is	
   labelled	
  batch	
  2.	
  After	
  purification,	
  NMR	
  spectroscopic	
  analysis	
  and	
  ESI-­‐
MS,	
  batch	
  2	
  (see	
  section	
  2.7.2)	
  was	
  sent	
  to	
  Valencia,	
  but	
  the	
  LEC	
  devices	
  using	
  batch	
  2	
  did	
  
not	
  perform	
  as	
  well	
  as	
  the	
  previously	
  measured	
  devices.	
  The	
  luminance	
  was	
  approximately	
  
half	
  that	
  of	
  batch	
  1,	
  although	
  the	
  devices	
  made	
  with	
  the	
  two	
  different	
  batches	
  appeared	
  to	
  
have	
  similar	
  lifetimes	
  (Figure	
  2.1).	
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Figure	
  2.1	
  Device	
  performance	
  using	
  the	
  two	
  batches	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  in	
  LEC	
  configuration	
  
(ITO/PEDOT:PSS/[Ir(ppy)2(bpy)][PF6]	
  +	
  [BMIM][PF6](4:1)/Al).	
  
Batch	
  2	
  of	
  the	
  complex	
  was	
  sent	
  back	
  to	
  Basel	
  from	
  Valencia	
  for	
  more	
  detailed	
  analytics,	
  i.e.	
  
further	
   NMR	
   spectroscopic	
   measurements,	
   elemental	
   analysis,	
   ESI-­‐MS,	
   and	
   further	
  
purification.	
   X-­‐ray	
   crystal	
   structure	
   determination,	
   1H,	
   19F	
   and	
   31P	
   NMR	
   spectroscopic	
  
titrations	
  were	
  carried	
  out	
  to	
  establish	
  the	
  reason	
  for	
  the	
  lower	
  performances.	
  	
  
	
   Cl-­‐	
  vs.	
  [PF6]-­‐	
  
19	
  
	
  
2.2. Results	
  and	
  discussion	
  
The	
  syntheses	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  were	
  all	
  performed	
  in	
  a	
  microwave	
  reactor,	
  followed	
  by	
  
precipitation	
  of	
  the	
  complex	
  with	
  an	
  excess	
  (10	
  eq.)	
  of	
  ammonium	
  hexafluoridophosphate.	
  
The	
  purification	
  of	
  the	
  complex	
  was	
  done	
  twice	
  via	
  column	
  chromatography.	
  In	
  general,	
  the	
  
reaction	
  works	
  well	
   even	
   on	
   large	
   scales	
   (up	
   to	
   1	
   g)	
   with	
   quantitative	
   yields	
   (up	
   to	
   95%,	
  
batch	
  1,	
  see	
  section	
  2.7.1).	
  	
  
	
  
Scheme	
  2.1	
  Synthesis	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  with	
  ring	
  labelling	
  and	
  atom	
  numbering	
  for	
  NMR	
  spectroscopic	
  assignments.	
  
Conditions:	
  (i)	
  bpy,	
  MeOH,	
  microwave,	
  2	
  h,	
  120	
  °C;	
  (ii)	
  [NH4][PF6].	
  
For	
  batch	
  2,	
  the	
  reaction	
  was	
  repeated	
  using	
  the	
  same	
  experimental	
  conditions	
  as	
  batch	
  1.	
  
As	
  the	
  1H	
  NMR	
  spectra	
  looked	
  essentially	
  identical	
  to	
  that	
  of	
  the	
  original	
  compound	
  (Figure	
  
2.2),	
  it	
  was	
  used	
  to	
  prepare	
  the	
  LEC	
  devices.	
  	
  
	
  
Figure	
  2.2	
  1H	
  NMR	
  spectra	
  comparison	
  of	
  a)	
  batch	
  2	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  and	
  b)	
  batch	
  1	
  (500	
  MHz,	
  CD2Cl2,	
  298K).	
  
However	
   the	
  complex	
   formed	
  as	
  batch	
  2	
  performed	
  significantly	
  worse	
   in	
   the	
  LEC	
  devices	
  
than	
  the	
  previous	
  batche	
  had	
  done	
  (see	
  Figure	
  2.1).	
  As	
  such,	
  it	
  was	
  decided	
  to	
  repurify	
  the	
  
sample.	
  Careful	
   comparison	
  of	
   the	
   1H	
  NMR	
  spectra	
  of	
  batch	
  2	
  with	
  batch	
  1	
   indicated	
  very	
  
minor	
  shifts	
  in	
  the	
  protons	
  of	
  ring	
  E;	
  proton	
  E3	
  is	
  shifted	
  about	
  δ	
  0.001	
  ppm	
  (Scheme	
  2.1	
  and	
  
Figure	
  2.3).	
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Figure	
  2.3	
  1H	
  NMR	
  spectra	
  comparison	
  of	
  a)	
  batch	
  2	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  and	
  b)	
  batch	
  1	
  (500	
  MHz,	
  CD2Cl2,	
  298K).	
  
Elemental	
   analysis	
   of	
   batch	
   2	
   showed	
   that	
   the	
   compound	
   did	
   not	
   analyse	
   as	
  
[Ir(ppy)2(bpy)][PF6]	
  but	
  suggested	
  that	
  the	
  complex	
  contained	
  a	
  mixture	
  of	
  counterions:	
  99%	
  
[PF6]-­‐	
   and	
  1%	
  Cl-­‐	
   (found:	
  C	
  =	
  44.52%,	
  H	
  =	
  2.94%,	
  N	
  =	
  6.80%.	
  Calcd.	
   for	
   [Ir(ppy)2(bpy)][0.99	
  
PF6][0.01	
  Cl]+1CH2Cl2:	
  C	
  =	
  44.76%,	
  H	
  =	
  2.96%,	
  N	
  =	
  6.33%).	
  Subsequent	
  structural	
  analysis	
  of	
  
[Ir(ppy)2(bpy)][Cl]	
   showed	
   that	
   the	
  Cl-­‐	
   ion	
   is	
   closely	
   associated	
  with	
   the	
   cation	
   in	
   the	
   solid	
  
state	
   and	
   we	
   wondered	
   whether	
   the	
   slight	
   differences	
   in	
   the	
   1H	
   NMR	
   spectra	
   between	
  
batches	
  1	
  and	
  2	
  could	
  be	
  associated	
  with	
  the	
  presence	
  of	
  chloride	
  ion.	
  Thus,	
  the	
  NMR	
  data	
  
appeared	
  to	
  be	
  consistent	
  with	
  the	
  elemental	
  analysis.	
  
The	
   repurification	
   of	
   batch	
   2	
   was	
   done	
   by	
   repeating	
   the	
   precipitation	
   with	
   ammonium	
  
hexafluoridophosphate	
   and	
   additionally	
   with	
   silver	
   hexafluoridophosphate	
   to	
   ensure	
  
removal	
   of	
   Cl-­‐.	
   The	
   column	
   chromatography	
   (Fluka	
   Silica	
   60)	
   was	
   followed	
   by	
   a	
  
recrystallization	
   (DCM	
   with	
   Et2O)	
   carried	
   out	
   on	
   this	
   sample.	
   Afterwards	
   the	
   1H	
   NMR	
  
spectrum	
  was	
  identical	
  to	
  that	
  of	
  the	
  original	
  complex	
  and	
  the	
  elemental	
  analysis	
  fitted	
  for	
  
[Ir(ppy)2(bpy)][PF6]	
  (found:	
  C	
  =	
  47.82%,	
  H	
  =	
  3.12%,	
  N	
  =	
  7.32%.	
  Calcd.	
  for	
  [Ir(ppy)2(bpy)][PF6]:	
  
C	
  =	
  47.94%,	
  H	
  =	
  3.02%,	
  N	
  =	
  7.32%).	
  Upon	
  retesting,	
  the	
  new	
  devices	
  performed	
  as	
  expected,	
  
consistent	
  with	
  measurements	
  using	
  batch	
  1.	
  
Fortuitously,	
  during	
  the	
  synthesis	
  of	
  batch	
  2,	
  a	
  small	
  sample	
  of	
  the	
  crude	
  reaction	
  mixture	
  
(i.e.	
  before	
  addition	
  of	
  NH4PF6)	
  was	
  set	
  on	
  one	
  side	
  for	
  crystal	
  growth.	
  	
  
	
  
2.3. Solid	
  state	
  structure	
  of	
  [Ir(ppy)2(bpy)][Cl]	
  
From	
   a	
  MeOH	
   solution	
   of	
   the	
   crude	
   reaction	
  mixture	
   of	
   batch	
   2	
   layered	
  with	
   Et2O,	
   X-­‐ray	
  
quality	
   crystals	
   of	
   2{[Ir(ppy)2(bpy)][Cl]}.2CH2Cl2.[H3O].[Cl]	
   were	
   grown	
   by	
   diffusion	
   over	
  
several	
   days	
   at	
   room	
   temperature.	
   The	
   complex	
   crystallizes	
   in	
   the	
   monoclinic,	
  
centrosymmetric	
  C2/c	
  space	
  group	
  and	
  both	
  Δ-­‐	
  and	
  Λ-­‐cations	
  are	
  present	
  in	
  the	
  unit	
  cell.	
  The	
  
structure	
  of	
  the	
  Δ-­‐cation	
  is	
  depicted	
  in	
  Figure	
  2.4.	
  The	
  asymmetric	
  unit	
  contains	
  one	
  cation,	
  
one	
  anion,	
  one	
  CH2Cl2	
  solvent	
  molecule,	
  half	
  a	
  Cl-­‐	
  ion	
  and	
  half	
  a	
  H3O+	
  cation.	
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The	
  atom	
  Ir1	
  is	
  in	
  a	
  slightly	
  distorted	
  octahedral	
  environment	
  and	
  the	
  N-­‐donors	
  of	
  the	
  two	
  
cyclometallating	
   ligands	
   are	
   in	
   a	
   trans-­‐arrangement,	
   as	
   expected	
   and	
   previously	
   seen	
   in	
  
similar	
   compounds.1,	
   2,	
   3	
   The	
   two	
   C^N	
   ligands	
   are	
   almost	
   planar	
   with	
   deviation	
   angles	
  
between	
  the	
  least	
  squares	
  planes	
  of	
  the	
  phenyl	
  and	
  pyridine	
  rings	
  of	
  4.8	
  and	
  5.0°.	
  The	
  bpy	
  
ligand	
   is	
   slightly	
   more	
   twisted,	
   the	
   angle	
   between	
   the	
   least	
   squares	
   planes	
   of	
   the	
   two	
  
pyridine	
  rings	
  being	
  8.7°.	
  The	
  chloride	
  anion	
  is	
  close	
  to	
  the	
  protons	
  E3,	
  consistent	
  with	
  NMR	
  
spectroscopy,	
   and	
   forms	
   hydrogen	
   bonds4	
   to	
   the	
   two	
   CH	
   units	
   (H4A	
   and	
  H7A)	
  with	
   Cl...H	
  
distances	
  of	
  2.79	
  and	
  2.87	
  Å	
  (Figure	
  2.4).	
  
Comparison	
  with	
  the	
  solid	
  state	
  structure	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  shows	
  that	
  the	
  fluorines	
  of	
  
the	
   [PF6]-­‐	
   anion	
  are	
  at	
  H...F	
  distances	
   in	
   the	
   range	
  between	
  2.87	
   to	
  3.10	
  Å	
  around	
  proton	
  
E3.3	
  
	
  
Figure	
  2.4	
  Structure	
  of	
  the	
  Δ-­‐cation	
  of	
  2{[Ir(ppy)2(bpy)][Cl]}.2CH2Cl2.[H3O].[Cl]	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
  
level,	
  H	
  atoms	
  omitted	
  except	
  for	
  protons	
  E3	
  (see	
  NMR	
  ring	
  labelling).	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  
°);	
  Ir1–C11:	
  2.011(3),	
  Ir1–C22:	
  2.012(3),	
  Ir1–N4:	
  2.042(3),	
  Ir1–N3:	
  2.050(3),	
  Ir1–N2:	
  2.135(3),	
  Ir1–N1:	
  2.142(3);	
  N1–Ir1–N2:	
  
76.5(1),	
  N3–Ir1–C11:	
  80.2(1),	
  N4–Ir1–C22:	
  80.4(1).	
  
The	
   crystal	
   packing	
   consists	
   of	
   multiple	
   edge-­‐to-­‐face	
   π-­‐stacking	
   interactions.	
   There	
   are	
  
interactions	
   between	
   cations	
   with	
   the	
   same	
   handedness	
   and	
   between	
   the	
   two	
   different	
  
enantiomers.	
   Two	
   molecules	
   with	
   the	
   same	
   handedness	
   exhibit	
   two	
   π-­‐contacts	
   between	
  
atom	
   H20A	
   and	
   pyridine	
   ring	
   containing	
   atom	
   N4i	
   (symmetry	
   code	
   i	
   =	
   x,	
   y	
   –	
   1,	
   z)	
   with	
  
distance	
  of	
  3.25	
  Å	
  between	
  the	
  atom	
  H20A	
  and	
  the	
  centroid	
  of	
  the	
  pyridine	
  ring,	
  and	
  atom	
  
H30Ai	
  and	
  pyridine	
  ring	
  containing	
  atom	
  N1	
  with	
  a	
  distance	
  of	
  3.05	
  Å	
  between	
  atom	
  H30Ai	
  
and	
   the	
   centroid	
  of	
   the	
  pyridine	
   ring.	
   This	
   embrace	
   is	
   depicted	
   in	
   Figure	
  2.5.	
  A	
   further	
  π-­‐
contact	
  is	
  between	
  atom	
  H18A	
  and	
  phenyl	
  ring	
  containing	
  atom	
  C22ii	
  (symmetry	
  code	
  ii	
  =	
  ½	
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–	
   x,	
   y	
   –	
  ½,	
  ½	
   –	
   z)	
  with	
   a	
   distance	
   of	
   2.69	
  Å	
   between	
   atom	
  H18A	
   and	
   the	
   centroid	
   of	
   the	
  
phenyl	
  ring.	
  The	
  contacts	
  between	
  different	
  enantiomers	
  are	
  between	
  atom	
  H9A	
  and	
  phenyl	
  
ring	
   containing	
   atom	
  C22iii	
   (symmetry	
   code	
   iii	
   =	
   x,	
   1	
   –	
   y,	
   z	
   +	
  ½)	
  with	
   a	
   distance	
  of	
   3.00	
  Å	
  
between	
  atom	
  H9A	
  and	
  the	
  centroid	
  of	
  the	
  phenyl	
  ring.	
  	
  
	
  
Figure	
  2.5	
  Edge-­‐to-­‐face	
  π-­‐interactions	
  between	
  two	
  Δ-­‐cations	
  of	
  [Ir(ppy)2(bpy)]
+	
  seen	
  along	
  the	
  c-­‐axis.	
  
Each	
  chloride	
  anion	
  interacts	
  with	
  4	
  cations	
  with	
  Cl...H	
  contacts	
  at	
  a	
  range	
  between	
  2.68	
  and	
  
3.17	
  Å.	
  According	
  to	
  the	
  definition	
  of	
  Emsley,	
  all	
  these	
  contacts	
  are	
  strong	
  hydrogen	
  bonds.4	
  
Additionally	
   there	
   are	
   contacts	
   between	
   both	
   ions	
   with	
   the	
   solvent	
   molecules.	
   All	
   the	
  
interactions	
   together	
   lead	
   to	
   alternating	
   rows	
   of	
   cations	
   with	
   alternating	
   handedness	
  
separated	
  by	
  anions	
  and	
  the	
  solvent	
  molecules	
  (see	
  Figure	
  2.6).	
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Figure	
  2.6	
  Packing	
  in	
  2{[Ir(ppy)2(bpy)][Cl]}.2CH2Cl2.[H3O].[Cl],	
  rows	
  of	
  alternating	
  Δ-­‐	
  (purple),	
  Λ-­‐cations	
  (light	
  green),	
  with	
  
interstitial	
  [Cl]-­‐	
  anions	
  (green)	
  and	
  [H3O]
+	
  cations	
  (red).	
  
All	
   the	
   cations,	
   anions	
  and	
   solvent	
  molecules	
   in	
  2{[Ir(ppy)2(bpy)][Cl]}.2CH2Cl2.[H3O].[Cl]	
   are	
  
ordered.	
  	
  
	
  
2.4. NMR	
  spectroscopic	
  investigations	
  
In	
  the	
  solid	
  state	
  structure	
  of	
  [Ir(ppy)2(bpy)][Cl]	
  (see	
  section	
  2.3),	
  the	
  chloride	
  ion	
  has	
  a	
  close	
  
ion-­‐pairing	
  to	
  the	
  cation,	
  in	
  particular	
  to	
  ring	
  E	
  of	
  the	
  complex	
  (see	
  Scheme	
  2.1).	
  In	
  order	
  to	
  
examine	
  the	
  chloride	
  interactions	
  with	
  the	
  cation	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  in	
  solution,	
  a	
  series	
  
of	
  1H,	
  19F	
  and	
  31P	
  NMR	
  spectroscopic	
  measurements	
  were	
  recorded.	
  For	
  this	
  series,	
  samples	
  
were	
   titrated,	
   starting	
   with	
   the	
   pure	
   complex	
   [Ir(ppy)2(bpy)][PF6]	
   in	
   increments	
   of	
   0.1	
  
equivalents	
  of	
  tetra-­‐n-­‐butyl	
  ammonium	
  chloride	
  (TBACl)	
  added,	
  up	
  to	
  1.1	
  equivalents	
  (Figure	
  
2.7).	
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Figure	
  2.7	
  1H	
  NMR	
  spectra	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  (0.02	
  mmol	
  in	
  0.75	
  ml	
  of	
  CD2Cl2)	
  by	
  stepwise	
  addition	
  of	
  0.1	
  eq.	
  TBACl	
  to	
  
1.1	
  eq.	
  (500	
  MHz,	
  CD2Cl2,	
  298K)	
  with	
  labels	
  of	
  the	
  proton	
  signals	
  for	
  the	
  cation.	
  
The	
  proton	
  signals	
  affected	
  the	
  most	
  upon	
  addition	
  of	
  TBACl	
  arose	
  from	
  ring	
  E	
  (see	
  Scheme	
  
2.1).	
  The	
  1H	
  signal	
  exhibiting	
  the	
  most	
  significant	
  shift	
  (from	
  δ	
  8.505	
  to	
  8.989	
  ppm)	
  was	
  that	
  
of	
  proton	
  E3.	
  Upon	
  addition	
  of	
  a	
   large	
  excess	
  of	
  TBACl	
   (>	
  10	
  eq.)	
   the	
   signal	
   for	
  proton	
  E3	
  
shifted	
  to	
  δ	
  9.326	
  ppm.	
  	
  
As	
  the	
  exchange	
  equilibrium	
  involving	
  the	
  anions	
  is	
  faster	
  than	
  the	
  NMR	
  timescale,	
  only	
  1	
  set	
  
of	
  signals	
  is	
  seen	
  in	
  the	
  NMR	
  spectra	
  and	
  not	
  a	
  mixture	
  of	
  the	
  spectra	
  from	
  the	
  two	
  salts.	
  The	
  
set	
  observed	
  represents	
  the	
  average	
  of	
  the	
  complex	
  with	
  two	
  different	
  anions	
  in	
  solution.	
  	
  
The	
  ion	
  exchange	
  in	
  this	
  complex	
  was	
  evaluated	
  from	
  non-­‐linear	
  least	
  squares	
  fitting	
  of	
  the	
  
chemical	
  shift	
  of	
  proton	
  E3	
  to	
  appropriate	
  equations	
  by	
  using	
  WinEQNMR2	
  (version	
  2.00	
  by	
  
Michael	
   J.	
   Hynes5).	
   The	
   equilibrium	
   constant	
   was	
   calculated	
   according	
   to	
   K.	
   Hirose6	
   for	
   a	
  
logarithmic	
   fitting	
  process.	
   The	
  output	
  of	
   this	
   fit	
  was	
   then	
  used	
  as	
   input	
   for	
  a	
   linear	
   fit	
   to	
  
determine	
   the	
   equilibrium	
   constant	
   of	
   the	
   ion	
   exchange	
   reaction	
   (residuals	
   squares	
   =	
  
0.00274	
  and	
  R-­‐factor	
  =	
  0.001789;	
  0	
  for	
  perfect	
  fit).	
  	
  
[Ir(ppy)2(bpy)][PF6]	
  +	
  [Cl]-­‐	
   ⇌   [Ir(ppy)2(bpy)][Cl]	
  +	
  [PF6]-­‐	
   logK	
  =	
  2.24	
  
This	
   logK	
   value	
   indicates	
   that	
   the	
  chloride	
   is	
   the	
  more	
   favourable	
  counterion,	
   if	
  both	
   ions,	
  
chloride	
  and	
  hexafluoridophosphate,	
  are	
  available.	
  The	
  regression	
  of	
  the	
  linear	
  fit	
  is	
  depicted	
  
in	
  Figure	
  2.8.	
  As	
  expected,	
  the	
  deviation	
  is	
   larger	
  for	
  the	
  small	
  equivalents	
  of	
  TBACl,	
  as	
  the	
  
error	
  on	
  the	
  balance	
  is	
  bigger,	
  the	
  smaller	
  the	
  amount	
  weighed.	
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Figure	
  2.8	
  Plot	
   showing	
   the	
  measured	
  values	
  of	
   the	
   chemical	
   shift	
   of	
  proton	
  E3	
  upon	
  addition	
  of	
   TBACl	
   (0	
   to	
  1.1	
  eq.)	
  
along	
  with	
  the	
  statistical	
  best	
  fit	
  (green	
  line).	
  
As	
  with	
  the	
  1H	
  NMR	
  spectra,	
  in	
  the	
  19F	
  NMR	
  spectroscopic	
  measurements,	
  the	
  doublet	
  signal	
  
(arising	
   from	
   phosphorus-­‐fluorine	
   splitting	
   JFP	
   =	
   710.7	
   Hz)	
   of	
   the	
   [PF6]-­‐	
   anion	
  moves	
   upon	
  
addition	
  of	
  TBACl.	
  The	
  doublet	
  from	
  the	
  pure	
  complex	
  is	
  shifted	
  by	
  δ	
  0.73	
  ppm	
  by	
  addition	
  of	
  
an	
  excess	
  of	
  TBACl	
  (Figure	
  2.9);	
  the	
  19F	
  NMR	
  signal	
  with	
  an	
  excess	
  of	
  TBACl	
  is	
  in	
  the	
  region	
  of	
  
TBAPF6	
   in	
   CD2Cl2.	
   It	
   has	
   to	
   be	
   mentioned,	
   that	
   the	
   change	
   in	
   the	
   shift	
   of	
   this	
   signal	
   is	
  
relatively	
  small,	
  compared	
  to	
  the	
  proton	
  shift.	
  While	
  the	
  1H	
  NMR	
  signals	
  are	
  normally	
  in	
  the	
  
region	
  between	
  0	
   to	
  10	
  ppm,	
   the	
   19F	
  NMR	
  signals	
  are	
   typically	
   in	
  a	
   range	
  of	
   -­‐200	
   to	
  +200	
  
ppm.7	
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Figure	
  2.9	
  19F	
  NMR	
  spectroscopic	
  measurements	
  of	
  [Ir(ppy)2(bpy)][PF6]	
  by	
  stepwise	
  addition	
  of	
  0.1	
  eq.	
  TBACl	
  to	
  1.1eq	
  and	
  
with	
  an	
  excess	
  of	
  TBACl	
  (last	
  line,	
  376	
  MHz,	
  CD2Cl2,	
  298K).	
  The	
  two	
  apparent	
  signals	
  in	
  each	
  spectrum	
  in	
  each	
  spectrum	
  
are	
  in	
  fact	
  a	
  doublet	
  (JFP	
  =	
  710.7	
  Hz).	
  
In	
   the	
   31P	
   NMR	
   spectroscopic	
  measurements	
   the	
   signals	
   are	
   not	
   shifted	
   upon	
   addition	
   of	
  
TBACl.	
  This	
   indicates	
  that	
  the	
  fluorine	
  atoms	
  of	
  the	
  [PF6]-­‐	
  anion	
  protect	
  the	
  phosphorus	
  so	
  
that	
  the	
  NMR	
  environment	
  is	
  not	
  changed	
  by	
  the	
  addition	
  of	
  chloride	
  atoms.	
  
Comparison	
   of	
   the	
   behaviour	
   of	
   similar	
   iridium(III)	
   complexes	
   (e.g.	
   [Ir(ppy)2(pbpy)][PF6]	
   or	
  
[Ir(ppy)2(phen)][PF6])	
  in	
  the	
  presence	
  of	
  chloride	
  ions	
  yielded	
  the	
  same	
  result	
  in	
  shifting	
  the	
  
protons	
  which	
  correspond	
  to	
  the	
  E3	
  protons	
  on	
  the	
  bpy	
  ligand	
  (Scheme	
  2.2,	
  Figure	
  2.10).	
  
	
  
Scheme	
  2.2	
  Structure	
  of	
  [Ir(ppy)2(pbpy)][PF6]	
  with	
  labels	
  for	
  NMR	
  spectroscopic	
  assignments.	
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Figure	
  2.10	
  1H	
  NMR	
  spectra	
  of	
  a)	
  the	
  asymmetric	
  complex	
  [Ir(ppy)2(pbpy)][PF6],	
  b)	
  by	
  addition	
  of	
  0.5	
  eq.	
  TBACl	
  and	
  c)	
  by	
  
addition	
  of	
  1.0	
  eq.	
  TBACl	
  (500	
  MHz,	
  CD2Cl2,	
  298K).	
  
Obviously,	
   the	
   ratio	
   of	
   counterions	
   present	
   has	
   an	
   influence	
   on	
   the	
   NMR	
   spectroscopic	
  
environment	
  of	
  the	
  complex,	
  as	
  can	
  be	
  seen	
  in	
  the	
  1H	
  and	
  19F	
  NMR	
  spectra.	
  As	
  the	
  shift	
  of	
  
the	
  NMR	
  signals	
  for	
  these	
  atoms	
  is	
  dependent	
  on	
  the	
  ratio	
  of	
  the	
  counterions,	
  by	
  addition	
  of	
  
TBAPF6	
  to	
  the	
  NMR	
  sample,	
  the	
  shift	
  in	
  peaks	
  can	
  be	
  moved	
  to	
  higher	
  field	
  (test	
  reaction	
  in	
  
Figure	
  2.11).	
  This	
  leads	
  to	
  a	
  simple	
  test	
  method	
  to	
  prove	
  the	
  absence	
  of	
  Cl-­‐	
  anions.	
  A	
  1H	
  NMR	
  
spectrum	
  of	
  a	
  purified	
  complex	
  should	
  be	
  recorded,	
  TBAPF6	
  added	
  to	
  the	
  NMR	
  sample	
  and	
  a	
  
second	
  1H	
  NMR	
  spectrum	
  recorded.	
   If	
   the	
   two	
  recorded	
  spectra	
  are	
  exactly	
   the	
  same,	
   the	
  
original	
  complex	
  does	
  not	
  contain	
  any	
  Cl-­‐	
  anions.	
  	
  
This	
  procedure	
  eliminates	
  one	
  possible	
  cause	
  for	
  low	
  performances	
  in	
  LEC	
  devices.	
  	
  
	
  
Figure	
  2.11	
  The	
  shifts	
  of	
  the	
  signals	
  can	
  be	
  moved	
  in	
  both	
  directions:	
  a)	
  pure	
  [Ir(ppy)2(bpy)][PF6],	
  b)	
  [Ir(ppy)2(bpy)][PF6]	
  
with	
  TBACl	
  (spatula	
  tip),	
  c)	
  addition	
  of	
  TBAPF6	
  (spatula	
  tip)	
  to	
  spectrum	
  b)	
  (400	
  MHz,	
  CD2Cl2,	
  298K).	
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2.5. Photophysical	
  studies	
  	
  
Photophysical	
   studies	
   of	
   [Ir(ppy)2(bpy)][PF6]	
   and	
   [Ir(ppy)2(bpy)][Cl],	
   isolated	
   from	
   reaction	
  
mixture	
  of	
  batch	
  two	
  before	
  addition	
  of	
  NH4PF6,	
  were	
  performed	
  on	
  the	
  solid	
  samples	
  and	
  in	
  
MeCN	
   solutions;	
   CH2Cl2	
   was	
   avoided	
   to	
   ensure	
   the	
   solvent	
   could	
   not	
   be	
   implicated	
   as	
   a	
  
source	
   of	
   Cl-­‐.	
   In	
   solution,	
   all	
   complexes	
  with	
   different	
   ratios	
   of	
   counterions	
   exhibited	
   the	
  
same	
  properties	
  (emission	
  maxima	
  λem	
  =	
  600	
  nm,	
  quantum	
  yield	
  =	
  0.13).	
  In	
  the	
  solid	
  state,	
  
the	
   two	
   measured	
   samples,	
   [Ir(ppy)2(bpy)][PF6]	
   and	
   [Ir(ppy)2(bpy)][Cl]	
   yielded	
   different	
  
emission	
  maxima	
   (λem	
   =	
   510	
   nm	
   and	
   540	
   nm,	
   Figure	
   2.12)	
   but	
   the	
   quantum	
   yields	
   were	
  
similar	
  for	
  both	
  with	
  values	
  (QY	
  =	
  0.16).	
  	
  
	
  
Figure	
  2.12	
  Solid	
  state	
  emission	
  spectra	
  of	
  [Ir(ppy)2(bpy)][Cl]	
  and	
  [Ir(ppy)2(bpy][PF6].	
  
	
  
2.6. Conclusion	
  and	
  Outlook	
  
The	
  dependence	
  of	
  the	
  device	
  performance	
  upon	
  the	
  presence	
  of	
  trace-­‐amounts	
  of	
  chloride	
  
atoms	
  is	
  obviously	
  very	
  strong.	
  One	
  possible	
  explanation	
  could	
  be,	
  that	
  in	
  LEC	
  devices	
  under	
  
bias,	
  the	
  high	
  mobility	
  of	
  the	
  chloride	
  ions,	
  which	
  are	
  smaller	
  and	
  more	
  mobile	
  than	
  [PF6]-­‐,	
  
leads	
   to	
   a	
   short	
   circuit	
   and	
   therefore	
   significantly	
   lowers	
   the	
   device	
   performance.	
   To	
  
increase	
   the	
   efficiency	
   of	
   LEC	
   devices	
   (e.g.	
   the	
   luminance),	
   the	
   purity	
   of	
   the	
   complex,	
  
especially	
   the	
   exclusivity	
   of	
   the	
   anion	
   is	
   crucial.	
   An	
   easy	
   proof	
   for	
   absence	
   of	
   chloride	
  
counterions,	
  and	
  therefore	
  the	
  purity	
  of	
   the	
  complex,	
  can	
  be	
  achieved	
  with	
  the	
  help	
  of	
   1H	
  
NMR	
  spectroscopy.	
  After	
  recording	
  a	
  spectrum,	
  a	
  second	
  spectrum	
  has	
  to	
  be	
  recorded	
  after	
  
the	
  addition	
  of	
   TBAPF6	
   to	
   the	
  NMR	
   sample.	
   If	
   all	
   proton	
   signals	
   are	
  exactly	
   the	
   same,	
   the	
  
compound	
  is	
  pure.	
  
It	
   is	
   suspected	
   that	
   the	
   1%	
   of	
   chloride	
   ions	
   as	
   found	
   by	
   elemental	
   analysis,	
   caused	
   the	
  
deviation	
  in	
  LEC	
  performance	
  as	
  seen	
  initially	
  in	
  batch	
  2	
  by	
  the	
  Bolink	
  group	
  (see	
  Figure	
  2.1),	
  
as	
  after	
  the	
  purification,	
  the	
  device	
  performed	
  as	
  seen	
  before.	
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2.7. Experimental	
  
2.7.1. Batch	
  1:	
  [Ir(ppy)2(bpy)][PF6]	
  	
  
	
  
This	
   synthesis	
   yielded	
   a	
   pure	
   complex	
   with	
   good	
   device	
   performances	
   in	
   LECs.	
   A	
   yellow	
  
suspension	
   of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (700	
   mg,	
   0.653	
   mmol)	
   and	
   2,2'-­‐bipyridine	
   (205	
   mg,	
   1.31	
  
mmol)	
  in	
  methanol	
  (20	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  hours	
  at	
  120°C	
  (P	
  =	
  15	
  
bar).	
   The	
  yellow	
  solution	
  was	
   then	
   cooled	
   to	
   room	
   temperature,	
   and	
  an	
  excess	
  of	
  NH4PF6	
  
(1064	
  mg,	
   6.53	
  mmol,	
   10.0	
   eq.)	
   was	
   added.	
   The	
  mixture	
  was	
   stirred	
   for	
   30	
  min	
   at	
   room	
  
temperature	
  and	
  then	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  yellow	
  material	
  was	
  purified	
  twice	
  
by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90	
  and	
  Fluka	
  Silica	
  60;	
  CH2Cl2	
  changing	
  
to	
  CH2Cl2:MeOH	
  =	
  100:5).	
   [Ir(ppy)2(bpy)][PF6]	
  was	
   isolated	
   as	
   a	
   yellow	
   solid	
   (993	
  mg,	
   1.24	
  
mmol,	
  94.8%).	
  
	
  
	
  
2.7.2. Batch	
  2:	
  [Ir(ppy)2(bpy)][PF6]	
  and	
  [Ir(ppy)2(bpy)]Cl	
  
Batch	
  2	
  was	
  synthesized	
  on	
  the	
  same	
  scale	
  as	
  batch	
  1.	
  	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)2(µ-­‐Cl)2]	
  (700	
  mg,	
  0.653	
  mmol)	
  and	
  2,2'-­‐bipyridine	
  (205	
  mg,	
  
1.31	
  mmol)	
  in	
  methanol	
  (20	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  hours	
  at	
  120°C	
  (P	
  =	
  
14	
  bar).	
  The	
  yellow	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature	
  and	
  a	
   few	
  millilitres	
  of	
  
the	
  yellow	
  solution	
  were	
  put	
  away	
  for	
  crystal	
  growth	
  (methanol	
  solution	
  layered	
  with	
  diethyl	
  
ether,	
  crystals	
  grew	
  over	
  several	
  days	
  at	
  room	
  temperature).	
  To	
  the	
  rest	
  of	
  the	
  solution,	
  an	
  
excess	
  of	
  NH4PF6	
   (1064	
  mg,	
  6.53	
  mmol)	
  was	
  added,	
   the	
  mixture	
  was	
   stirred	
   for	
  30	
  min	
  at	
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room	
  temperature	
  and	
  then	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  yellow	
  material	
  was	
  purified	
  
by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90;	
  CH2Cl2	
  changing	
  to	
  CH2Cl2:MeOH	
  =	
  
100:5).	
  The	
  proton	
  NMR	
  looked	
  the	
  same	
  like	
  the	
  original	
  [Ir(ppy)2(bpy)][PF6]	
  and	
  the	
  ESI-­‐MS	
  
exhibited	
   the	
   mass	
   peaks	
   of	
   both	
   ions,	
   the	
   cations	
   (m/z	
   +657)	
   and	
   [PF6]-­‐	
   (m/z	
   -­‐145),	
  
therefore	
  910	
  mg	
  of	
  the	
  compound	
  was	
  sent	
  to	
  Valencia.	
  As	
  the	
  LEC	
  devices	
  did	
  not	
  perform	
  
well,	
  the	
  batch	
  was	
  sent	
  back	
  for	
  further	
  analyses	
  and	
  purifications.	
  The	
  elemental	
  analysis	
  
of	
  batch	
  3,	
  found:	
  C	
  =	
  44.52%,	
  H	
  =	
  2.94%,	
  N	
  =	
  6.80%.	
  Calcd.	
  for	
  [Ir(ppy)2(bpy)][0.99	
  PF6][0.01	
  
Cl]+1CH2Cl2:	
  C	
  =	
  44.76%,	
  H	
  =	
  2.96%,	
  N	
  =	
  6.33%.	
  	
  
Repurification:	
  
The	
  yellow	
  solid	
  was	
  redissolved	
  in	
  a	
  mixture	
  of	
  DCM	
  and	
  MeOH,	
  an	
  excess	
  of	
  NH4PF6	
  and	
  
AgPF6	
  were	
  added	
  and	
  the	
  mixture	
  was	
  stirred	
  for	
  1	
  hr	
  at	
  room	
  temperature.	
  The	
  solution	
  
was	
  slightly	
  orange	
  at	
  the	
  beginning,	
  and	
  after	
  evaporation	
  of	
  the	
  DCM	
  it	
  turned	
  yellow.	
  The	
  
solid	
   was	
   filtered.	
   The	
   volume	
   of	
   the	
  mother	
   liquor	
   was	
   reduced	
   and	
   filtered	
   again.	
   The	
  
yellow	
  solid	
  was	
  washed	
  with	
  MeOH	
  (2x	
  10	
  ml)	
  and	
  diethyl	
  ether	
  (3x	
  20	
  ml)	
  and	
  dried	
  under	
  
vacuum.	
  	
  
The	
  yellow	
  solid	
  was	
  purified	
  by	
  column	
  chromatography	
  (Fluka	
  Silica	
  60;	
  CH2Cl2	
  changing	
  to	
  
CH2Cl2:MeOH	
  =	
  100:3),	
  redissolved	
  in	
  DCM,	
  filtered	
  and	
  the	
  mother	
  liquor	
  was	
  precipitated	
  
by	
  the	
  addition	
  of	
  diethyl	
  ether,	
   the	
  solid	
  was	
   filtered	
  and	
  dried	
  under	
  vacuum.	
  Elemental	
  
analysis	
  found:	
  C	
  =	
  47.82%,	
  H	
  =	
  3.12%,	
  N	
  =	
  7.32%.	
  Calcd.	
  for	
  [Ir(ppy)2(bpy)][PF6]:	
  C	
  =	
  47.94%,	
  
H	
  =	
  3.02%,	
  N	
  =	
  7.32%.	
  
Overall	
  yield:	
  [Ir(ppy)2(bpy)][PF6]	
  was	
  isolated	
  as	
  a	
  yellow	
  solid	
  (825	
  mg,	
  1.03	
  mmol,	
  78.8%).	
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3. Changing	
  the	
  counterion	
  in	
  iridium(III)	
  complexes	
  in	
  order	
  
to	
  alter	
  their	
  ionic	
  mobility	
  in	
  a	
  LEC	
  device	
  
	
  
3.1. Introduction	
  
As	
  seen	
  in	
  the	
  previous	
  chapter,	
  the	
  influence	
  of	
  the	
  counter	
  ion	
  in	
  an	
  iridium(III)	
  complex	
  is	
  
essential	
  for	
  the	
  performance	
  in	
  LEC	
  device	
  (see	
  Chapter	
  2).	
  The	
  size	
  and	
  the	
  molecular	
  mass	
  
of	
  the	
  anion	
  have	
  a	
  direct	
  influence	
  on	
  its	
  mobility	
  when	
  biased.	
  The	
  mobility	
  of	
  the	
  anions	
  
shows	
   a	
   direct	
   influence	
   on	
   the	
   turn-­‐on	
   time	
   of	
   the	
   device.1	
   The	
   lower	
   the	
  mobility,	
   the	
  
expectations	
  are	
  for	
  longer	
  turn-­‐on	
  times	
  and	
  the	
  longer	
  the	
  lifetimes	
  of	
  the	
  devices.	
  Studies	
  
with	
   ruthenium(II)	
   based	
   LECs	
   showed	
   a	
   significant	
   decrease	
   in	
   the	
   turn-­‐on	
   time,	
   upon	
   a	
  
change	
   from	
   [PF6]-­‐	
   to	
   smaller	
   anions	
   such	
   as	
   [BF4]-­‐	
   or	
   [ClO4]-­‐.2,	
   3	
   But	
   unfortunately,	
   this	
  
change	
  also	
  reduces	
  the	
  device	
   lifetime.	
   Interestingly,	
  upon	
  addition	
  of	
   the	
   ionic	
   liquid	
   (IL)	
  
tetrabutylammonium	
   trifluoromethanesulfonate	
   (TBAOTf)	
   to	
   different	
   iridium	
   complexes,	
  
this	
  has	
  not	
  been	
  seen.4,	
  5	
  Comparison	
  of	
  the	
  [PF6]-­‐	
  and	
  [BF4]-­‐	
  salts	
  of	
  different	
  iridium	
  cations	
  
yielded	
   a	
   shorter	
   turn-­‐on	
   time	
   for	
   the	
   bigger	
   anion.	
   But	
   consistent	
   with	
   the	
   observation	
  
without	
  an	
  IL,	
  the	
  shorter	
  turn-­‐on	
  time	
  of	
  a	
  LEC	
  device	
  leads	
  to	
  a	
  shorter	
  lifetime.	
  	
  
In	
   this	
   chapter,	
   starting	
   from	
   the	
   known	
   [PF6]-­‐	
   complexes	
   of	
   [Ir(ppy)2(pbpy)]+	
   and	
  
[Ir(ppy)2(bpy)]+,6	
   the	
  anion	
  was	
  changed	
  to	
  the	
  smaller	
  and	
   lighter	
   [B(CN)4]-­‐	
   ion	
  and	
  to	
  the	
  
larger	
  and	
  much	
  heavier	
  [BARF]-­‐	
  anion	
  in	
  order	
  to	
  investigate	
  the	
  effect	
  upon	
  the	
  LEC	
  device	
  
performances.	
  
	
  
3.2. Results	
  and	
  discussion	
  
The	
  complexation	
  reactions	
  were	
  performed	
  according	
  to	
  the	
  established	
  methodology,	
  by	
  
treating	
   a	
   dichlorido	
   bridged	
   iridium(III)	
   dimer	
   with	
   two	
   equivalents	
   of	
   an	
   N^N	
   ligand	
  
(Scheme	
  3.1).7	
  After	
  the	
  reaction	
  in	
  the	
  microwave	
  reactor,	
  the	
  complexes	
  were	
  precipitated	
  
with	
  potassium	
  tetracyanidoborate	
  or	
  sodium	
  tetrakis[3,5-­‐bis(trifluoromethyl)phenyl]borate	
  
(Na[BARF]),	
  followed	
  by	
  purification	
  by	
  column	
  chromatography.	
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Scheme	
  3.1	
   Syntheses	
   of	
   the	
   complexes.	
   Conditions:	
   (i)	
   pbpy	
   or	
   bpy,	
  MeOH,	
  microwave,	
   2hr;	
   (ii)	
   KB(CN)4	
   or	
  NaB(3,5-­‐
bis(trifluoromethyl)phenyl)4	
  
The	
  reactions	
  all	
  performed	
  well	
  with	
  yields	
  around	
  90%.	
  The	
  ESI	
  mass	
  spectra	
  of	
  each	
  of	
  the	
  
complexes	
  showed	
  the	
  peaks	
  of	
  both	
  ions	
  in	
  positive	
  and	
  negative	
  mode,	
  respectively,	
  and	
  
the	
  observed	
  isotope	
  patterns	
  were	
  in	
  accord	
  with	
  those	
  simulated.	
  By	
  the	
  addition	
  of	
  a	
  half	
  
to	
  two	
  solvent	
  molecules,	
  the	
  elemental	
  analyses	
  could	
  be	
  resolved.	
  
The	
   NMR	
   spectroscopic	
   assignments	
   were	
   done	
   with	
   the	
   routine	
   1D	
   and	
   2D	
   techniques	
  
(COSY,	
  NOESY,	
  HMQC,	
  HMBC).	
  In	
  addition	
  to	
  the	
  1H	
  and	
  13C	
  NMR	
  spectra,	
  11B	
  NMR	
  spectra	
  
were	
   recorded	
   of	
   all	
   the	
   complexes	
   to	
   confirm	
   the	
   presence	
   of	
   the	
   anion.	
   In	
   the	
   two	
  
complexes	
  with	
   2,2’-­‐bpy	
   as	
   the	
  N^N	
   ligand,	
   there	
   is	
   a	
  C2	
   axis	
   in	
   the	
   complex	
   yielding	
   the	
  
cyclometallating	
  [ppy]-­‐	
   ligands	
  to	
  be	
  equivalent.	
  This	
  leads	
  to	
  relatively	
  simple	
  proton	
  NMR	
  
spectra.	
   The	
   introduction	
   of	
   the	
   pendant	
   phenyl	
   ring	
   leads	
   to	
   a	
   doubling	
   of	
   the	
   signals.	
  
Comparison	
   of	
   the	
   symmetric	
   compound	
   with	
   [B(CN)4]-­‐	
   counterion	
   with	
   the	
   asymmetric	
  
compound	
  with	
   [BARF]-­‐	
  anions	
  are	
  shown	
   in	
  Figure	
  3.1	
   (see	
  Scheme	
  3.2	
   for	
   ring	
   labelling).	
  
Ring	
  H	
  originates	
  from	
  the	
  [BARF]-­‐	
  anion.	
  	
  
	
  
Scheme	
  3.2	
  Structures	
  of	
  the	
  complexes	
  and	
  ring	
  labelling	
  for	
  NMR	
  spectroscopic	
  assignments.	
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The	
  additional	
  broadened	
  signals	
  originate	
  from	
  ring	
  G.	
  The	
  broad	
  peaks	
  are	
  an	
  indication	
  of	
  
the	
   ability	
   of	
   ring	
   G	
   to	
   undergo	
   hindered	
   rotation	
   at	
   room	
   temperature	
   on	
   the	
   NMR	
  
timescale,	
  and	
  are	
  also	
  seen	
  in	
  similar	
  compounds	
  (see	
  Section	
  4.2).	
  	
  
	
  
Figure	
  3.1	
  Comparison	
  of	
   the	
   1H	
  NMR	
  spectra	
  of	
  a)	
   [Ir(ppy)2(pbpy)][BARF]	
  and	
  b)	
   [Ir(ppy)2(bpy)][B(CN)4]	
   in	
  CD2Cl2	
   (500	
  
MHz,	
  298	
  K,	
  TMS).	
  
Besides	
  the	
  additional	
  proton	
  signals	
  from	
  the	
  phenyl	
  ring	
  of	
  the	
  anion,	
  changing	
  the	
  anion	
  
has	
  little	
  effect	
  on	
  the	
  1H	
  signals.	
  Similar	
  to	
  the	
  other	
  complexes	
  discussed	
  in	
  this	
  work,	
  the	
  
13C	
  NMR	
  spectroscopic	
  signals	
  are	
  weakly	
  affected	
  by	
  the	
  change	
  of	
  the	
  N^N	
  ligand	
  and	
  also	
  
are	
  not	
  influenced	
  by	
  the	
  change	
  of	
  the	
  anion.	
  	
  
	
  
3.3. Solid	
  state	
  structures	
  
X-­‐ray	
  quality	
  crystals	
  of	
  three	
  of	
  the	
  complexes	
  were	
  grown.	
  Table	
  3.1	
  shows	
  a	
  summary	
  of	
  
the	
  crystallographic	
  data	
  of	
  the	
  compounds.	
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Table	
  3.1	
  Crystallographic	
  data	
  of	
  the	
  four	
  complexes.	
  
Compound	
   [Ir(ppy)2(pbpy)][B(CN)4].	
  
0.5C4H10O	
  
[Ir(ppy)2(bpy)][B(CN)4]	
   [Ir(ppy)2(pbpy)]	
  
[BARF]	
  
8{[Ir(ppy)2(bpy)][BARF]}.
3CH2Cl2	
  
Formula	
   C42H28BIrN8O0.5	
   C36H24BIrN8	
   C70H40BF24Ir2N4	
   C515H294B8Cl6F192Ir8N8	
  
Formula	
  weight	
  /	
  g	
  mol-­‐1	
   863.73	
   771.66	
   1596.09	
   12414.77	
  
Crystal	
  colour	
  and	
  habit	
   yellow	
  needle	
   yellow	
  block	
   yellow	
  block	
   yellow	
  block	
  
Crystal	
  system	
   triclinic	
   monoclinic	
   orthorhombic	
   monoclinic	
  
Space	
  group	
   P-­‐1	
   P21/n	
   Pbca	
   P21/n	
  
a,	
  b,	
  c	
  /	
  Å	
   12.5005(4)	
  
18.5328(6)	
  
18.7871(6)	
  
8.7019(7)	
  
27.448(2)	
  
13.9732(11)	
  
18.6490(8)	
  
25.0203(11)	
  
26.7417(11)	
  
13.4211(15)	
  
53.159(6)	
  
17.941(2)	
  
α,	
  β,	
  γ/	
  o	
   61.549(2)	
  
84.998(2)	
  
88.485(2)	
  
90	
  
91.137(5)	
  
90	
  
90	
  
90	
  
90	
  
90	
  
108.3520(10)	
  
90	
  
U	
  /	
  Å3	
   3811.6(2)	
   3122.0(4)	
   12477.8(9)	
   12149(2)	
  
Dc	
  /	
  Mg	
  m–3	
   1.505	
   1.642	
   1.699	
   1.697	
  
Z	
   4	
   4	
   8	
   1	
  
µ(Mo-­‐Kα)	
  /	
  mm–1	
   3.547	
   4.317	
   2.260	
   2.350	
  
T/	
  K	
   123	
   123	
   123	
   123	
  
Refln.	
  collected	
  (Rint)	
   105137	
  (0.0383)	
   41784	
  (0.0614)	
   331781	
  (0.0613)	
   130556	
  (0.0707)	
  
Unique	
  refln.	
   20158	
   6128	
   20319	
   30721	
  
Refln.	
  for	
  refinement	
   16505	
   5042	
   14564	
   21221	
  
Parameters	
   982	
   415	
   957	
   1775	
  
Threshold	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
  
R1	
  (R1	
  all	
  data)	
   0.0378	
  (0.0523)	
   0.0457	
  (0.0661)	
   0.0270	
  (0.0487)	
   0.0658	
  (	
  0.1034)	
  
wR2	
  (wR2	
  all	
  data)	
   0.0875	
  (0.0967)	
   0.1189	
  (0.1515)	
   0.0662	
  (0.0904)	
   0.1732	
  (0.2047)	
  
Goodness	
  of	
  fit	
   1.108	
   1.228	
   1.091	
   1.099	
  
	
  
	
  
3.3.1. [Ir(ppy)2(pbpy)][B(CN)4]	
  
From	
  a	
  CH2Cl2	
  solution	
  of	
  the	
  complex	
  layered	
  with	
  Et2O,	
  crystals	
  of	
  poor	
  X-­‐ray	
  quality	
  were	
  
grown.	
   Ambiguous	
   residual	
   electron	
   density	
   between	
   two	
   independent	
   cations	
   probably	
  
related	
  to	
  twinning	
  was	
  observed,	
  and	
  could	
  not	
  be	
  resolved	
  and	
  therefore	
  this	
  structure	
  is	
  
not	
  publishable.	
  However,	
   the	
  data	
  show	
  that	
   the	
  complex	
  crystallizes	
   in	
  space	
  group	
  P-­‐1,	
  
with	
  two	
  independent	
  cations,	
  two	
  anions	
  and	
  one	
  Et2O	
  in	
  the	
  asymmetric	
  unit.	
  The	
  iridium	
  
atom	
  is	
  in	
  an	
  octahedral	
  environment,	
  the	
  N-­‐donors	
  are	
  mutually	
  trans	
  and	
  the	
  boron	
  atom	
  
is	
   in	
   a	
   tetrahedral	
   environment.	
   The	
   phenyl	
   ring	
   displays	
   face-­‐to-­‐face	
   intramolecular	
   π-­‐
stacking	
  with	
  the	
  phenyl	
  ring	
  of	
  one	
  [ppy]-­‐	
  ligand	
  (Figure	
  3.2).	
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Figure	
   3.2	
   Preliminary	
   structure	
   of	
   the	
   Δ-­‐form	
   of	
   cation	
   B	
   [Ir(ppy)2(pbpy)]
+	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
  
level;	
  H	
  atoms	
  and	
  anion	
  omitted.	
  	
  
	
  
3.3.2. [Ir(ppy)2(bpy)][B(CN)4]	
  
From	
   a	
   CH2Cl2	
   and	
   MeOH	
   solution	
   of	
   the	
   complex,	
   X-­‐ray	
   quality	
   crystals	
   of	
  
[Ir(ppy)2(bpy)][B(CN)4]	
  were	
  grown	
  by	
  slow	
  evaporation	
  of	
  CH2Cl2.	
  The	
  complex	
  crystallizes	
  in	
  
the	
  monoclinic	
  P21/n	
  space	
  group	
  with	
  both	
  enantiomers	
  of	
   the	
  cation	
  present	
   in	
   the	
  unit	
  
cell.	
  The	
  structure	
  of	
  the	
  Λ-­‐cation	
  along	
  with	
  the	
  anion	
  is	
  depicted	
  in	
  Figure	
  3.3.	
  The	
  atom	
  Ir1	
  
is	
  in	
  an	
  octahedral	
  environment	
  and	
  the	
  N-­‐donors	
  of	
  the	
  two	
  cyclometalled	
  [ppy]-­‐	
  ligands	
  are	
  
in	
   a	
   trans-­‐arrangement,	
   as	
   expected	
   and	
   already	
   seen	
   before.1	
   Both	
   cyclometalled	
   C^N	
  
ligands	
  are	
  almost	
  planar	
  with	
  angles	
  between	
  the	
  least	
  squares	
  planes	
  of	
  5.9	
  and	
  7.6°.	
  The	
  
bpy	
  ligand	
  is	
  also	
  almost	
  planar	
  with	
  an	
  angle	
  between	
  the	
  least	
  squares	
  planes	
  of	
  3.7°.	
  The	
  
absence	
  of	
  a	
  pendant	
  aromatic	
  ring	
  on	
  the	
  N^N	
  ligands	
  allows	
  this	
  small	
   twisting	
  angle,	
  as	
  
there	
   is	
   no	
   intramolecular	
   π-­‐stacking.	
   The	
   atom	
   B1	
   of	
   the	
   anion	
   is	
   in	
   the	
   expected	
  
tetrahedral	
  environment	
  with	
  tetrahedral	
  angles	
  around	
  the	
  boron	
  atom	
  between	
  106.9(9)	
  
and	
  113.8(9)°.	
  
	
   	
   Different	
  sized	
  anions	
  
37	
  
	
  
	
  
Figure	
   3.3	
   Structure	
   of	
   Λ-­‐[Ir(ppy)2(bpy)][B(CN)4]	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
   atoms	
   omitted.	
  
Selected	
   bond	
   lengths	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1–C22:	
   2.011(9),	
   Ir1–C11:	
   2.017(9),	
   Ir1–N4:	
   2.033(8),	
   Ir1–N3:	
  
2.044(8),	
  Ir1–N2:	
  2.127(7),	
  Ir1–N1:	
  2.130(7);	
  N1–Ir1–N2:	
  76.8(3),	
  N3–Ir1–C11:	
  82.7(3),	
  N4–Ir1–C22:	
  82.6(4).	
  	
  
The	
  packing	
   interactions	
  are	
  dominated	
  by	
  cation	
  –	
  cation	
  and	
  cation	
  –	
  anion	
   interactions.	
  
The	
   cation	
   –	
   cation	
   interactions	
   lead	
   to	
   rows	
   of	
   cations	
   with	
   alternating	
   Λ-­‐	
   and	
   Δ-­‐
handedness	
   (see	
  Figure	
  3.4).	
  The	
  edge-­‐to-­‐face	
  π-­‐contacts	
  between	
   the	
  phenyl	
   rings	
  of	
   the	
  
[ppy]-­‐	
  ligands	
  are	
  drawn.	
  The	
  atoms	
  involved	
  are	
  H24A,	
  H25A	
  and	
  C14i,	
  C15i	
  (symmetry	
  code	
  
i	
  =	
  x	
  -­‐	
  ½,	
  ½	
  -­‐	
  y,	
  z	
  –	
  ½).	
  The	
  angle	
  between	
  the	
  least	
  squares	
  planes	
  of	
  the	
  two	
  rings	
  is	
  84.7°,	
  
the	
  C...H	
   separation	
   is	
   2.85	
  Å	
   and	
   the	
  C-­‐H...phenyl	
   ring	
   centroid	
   distance	
   is	
   3.19	
  Å.	
   These	
  
values	
  are	
  well	
  within	
  the	
  range	
  for	
  π-­‐stacking	
  interactions	
  discussed	
  by	
  Janiak.8	
  Sandwich-­‐
type	
   transition	
   metal	
   complexes	
   with	
   ruthenium	
   and	
   osmium	
   show	
   edge-­‐to-­‐face	
   C...H	
   π-­‐
contacts	
  up	
  to	
  3.04	
  Å.9	
  	
  
	
  
Figure	
  3.4	
  Rows	
  of	
  cations	
  of	
  alternating	
  Δ-­‐	
  (purple)	
  and	
  Λ-­‐handedness	
  (green)	
  in	
  [Ir(ppy)2(bpy)][B(CN)4].	
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Each	
  anion	
  undergoes	
  N...H	
  contacts	
  with	
  six	
  cations	
  at	
  distances	
  between	
  2.45	
  –	
  2.73	
  Å.	
  The	
  
anions	
  build	
  pairs	
  with	
  boron...boron	
  separations	
  of	
  4.80	
  Å.	
  A	
  view	
  along	
  the	
  a-­‐axis	
  of	
   the	
  
crystal	
  packing	
  is	
  depicted	
  in	
  Figure	
  3.5.	
  The	
  rows	
  of	
  the	
  cations	
  from	
  Figure	
  3.3	
  are	
  on	
  an	
  
almost	
  vertical	
  line	
  in	
  this	
  picture.	
  
	
  
Figure	
  3.5	
  Cation-­‐anion	
  interactions	
  withing	
  [Ir(ppy)2(bpy)][B(CN)4].	
  Δ-­‐form	
  in	
  purple	
  and	
  Λ-­‐form	
  in	
  green.	
  
All	
  molecules	
  are	
  ordered	
  and	
  there	
  are	
  no	
  solvent	
  molecules	
  in	
  the	
  crystal.	
  	
  
	
  
3.3.3. 	
  [Ir(ppy)2(pbpy)][BARF]	
  
The	
   complex	
   [Ir(ppy)2(pbpy)][BARF]	
   was	
   dissolved	
   in	
   MeCN,	
   and	
   Et2O	
   was	
   allowed	
   to	
  
diffused	
  into	
  the	
  solution.	
  After	
  several	
  days,	
  X-­‐ray	
  quality	
  crystals	
  of	
  [Ir(ppy)2(pbpy)][BARF]	
  
were	
   grown.	
   The	
   complex	
   crystallizes	
   in	
   the	
   orthorhombic	
   Pbca	
   space	
   group	
   with	
   both	
  
enantiomers	
  of	
  [Ir(ppy)2(pbpy)]+	
  in	
  the	
  unit	
  cell.	
  The	
  structure	
  of	
  the	
  Λ-­‐cation	
  with	
  one	
  anion	
  
is	
  depicted	
  in	
  Figure	
  3.6.	
  The	
  atom	
  Ir1	
  is	
  in	
  an	
  octahedral	
  environment	
  and	
  the	
  N-­‐donors	
  of	
  
the	
   cyclometalled	
   [ppy]-­‐	
   ligands	
   are	
   in	
   a	
   trans-­‐arrangement.	
   Both	
   cyclometallating	
   ligands	
  
are	
  almost	
  planar	
  with	
  twisting	
  angles	
  between	
  the	
  least	
  squares	
  planes	
  below	
  7.9°.	
  This	
  is	
  in	
  
contrast	
   to	
   the	
   bpy	
   ligand	
   with	
   an	
   angle	
   between	
   the	
   least	
   squares	
   planes	
   of	
   the	
   two	
  
pyridine	
  rings	
  of	
  23.8°.	
  The	
  pendant	
  phenyl	
   ring	
  of	
   the	
  bpy	
   ligand	
   is	
   twisted	
  through	
  58.9°	
  
with	
  respect	
   to	
   the	
  bonded	
  pyridine	
  ring.	
  This	
  non-­‐planarity	
  allows	
  the	
   free	
  phenyl	
   ring	
   to	
  
undergo	
   intramolecular	
   face-­‐to-­‐face	
  π-­‐stacking	
  with	
  one	
  of	
   the	
  phenyl	
   rings	
  of	
  one	
  of	
   the	
  
C^N	
  ligands.	
  The	
  inter-­‐centroid	
  separation	
  is	
  3.49	
  Å	
  and	
  the	
  angle	
  between	
  the	
  least	
  squares	
  
planes	
   is	
   12.8°.	
   These	
   values	
   are	
  well	
  within	
   the	
   range	
   discussed	
   by	
   Janiak8	
  making	
   it	
   an	
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efficient	
   interaction.	
   The	
   atom	
  B1	
   is	
   in	
   a	
   tetrahedral	
   environment	
  with	
   tetrahedral	
   angles	
  
around	
  the	
  boron	
  atom	
  between	
  109.0(2)	
  and	
  111.8(2)°.	
  
	
  
Figure	
   3.6	
   Structure	
   of	
   Λ-­‐cation	
   and	
   the	
   tetrahedral	
   anion	
   of	
   [Ir(ppy)2(pbpy)][BARF]	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
  
probability	
   level;	
   H	
   atoms	
   omitted.	
   Selected	
   bond	
   distances	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1–C28:	
   2.003(3),	
   Ir1–C17:	
  
2.014(3),	
  Ir1–N3:	
  2.042(2),	
  Ir1–N4:	
  2.058(2),	
  Ir1–N1:	
  2.148(2),	
  Ir1–N2:	
  2.226(2);	
  N1–Ir1–N2:	
  75.8(1),	
  N3–Ir1–C17:	
  80.5(1),	
  
N4–Ir1–C28:	
  80.5(1).	
  	
  
The	
   size	
   of	
   both	
   ions	
   is	
   comparable,	
   the	
   packing	
   interactions	
   are	
   mainly	
   cation-­‐anion	
  
interactions	
   and	
   each	
   cation	
   undergoes	
   contacts	
  with	
   five	
   anions.	
   The	
   H...F	
   distances	
   are	
  
between	
  2.54	
  and	
  2.83	
  Å.	
  The	
  packing	
  interactions	
  lead	
  to	
  alternating	
  sheets	
  of	
  cations	
  and	
  
anions.	
  Within	
  each	
  sheet	
  of	
  cations	
  there	
  are	
  alternating	
  rows	
  of	
  Δ-­‐	
  and	
  Λ-­‐handedness	
  (see	
  
Figure	
   3.7).	
   The	
   different	
   enantiomers	
   of	
   the	
   cations	
   within	
   one	
   sheet	
   are	
   close	
   with	
  
distances	
  between	
  atoms	
  C29...H4Ai	
  of	
  2.96	
  Å	
  and	
  H24A...C3i	
  of	
  3.09	
  Å	
  (symmetry	
  code	
  i	
  =	
  x	
  
–	
  ½,	
  y,	
  ½	
  -­‐	
  z).	
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Figure	
  3.7	
  Packing	
  of	
  [Ir(ppy)2(pbpy)][BARF]	
  leads	
  to	
  alternating	
  layers	
  of	
  cations	
  and	
  anions.	
  Within	
  the	
  layers	
  of	
  cations	
  
there	
  are	
  alternating	
  rows	
  of	
  Δ-­‐	
  (purple)	
  and	
  Λ-­‐handedness	
  (green).	
  
The	
  cations	
  are	
  ordered.	
   In	
   the	
  anions	
   there	
  are	
   two	
   -­‐CF3	
  groups	
  with	
   rotational	
  disorder,	
  
0.89:0.11	
  for	
  fluorines	
  F16,	
  F17	
  and	
  F17	
  and	
  0.62:0.38	
  for	
  the	
  fluorines	
  F22,	
  F23	
  and	
  F24.	
  	
  
	
  
3.3.4. 	
  [Ir(ppy)2(bpy)][BARF]	
  
The	
  complex	
  [Ir(ppy)2(bpy)][BARF]	
  was	
  dissolved	
  in	
  a	
  mixture	
  of	
  CH2Cl2	
  and	
  MeCN,	
  and	
  Et2O	
  
was	
   allowed	
   to	
   diffuse	
   into	
   the	
   solution.	
   After	
   several	
   days,	
   X-­‐ray	
   quality	
   crystals	
   of	
  
8{[Ir(ppy)2(bpy)][BARF]}.3CH2Cl2	
   were	
   grown.	
   The	
   complex	
   crystallizes	
   in	
   the	
   monoclinic	
  
P21/n	
  space	
  group	
  with	
  both	
  enantiomers	
  in	
  the	
  unit	
  cell.	
   In	
  the	
  asymmetric	
  unit	
  there	
  are	
  
two	
  cations,	
  two	
  anions	
  and	
  0.75	
  CH2Cl2	
  present.	
  There	
  are	
  two	
  independent	
  cations,	
  both	
  
being	
  very	
  similar,	
  and	
  two	
  independent	
  anions,	
  again	
  both	
  similar.	
  The	
  structure	
  of	
  cation	
  A	
  
in	
   the	
  Λ-­‐form	
  and	
  anion	
  A	
   are	
  depicted	
   in	
   Figure	
  3.8.	
   Both	
   atoms	
   Ir1A	
  and	
   Ir1B	
   are	
   in	
   an	
  
octahedral	
   environment	
  with	
   the	
   N-­‐donors	
   in	
   trans-­‐arrangement.	
   All	
   the	
   cyclometallating	
  
[ppy]-­‐	
   ligands	
  are	
  almost	
  planar	
  with	
  angles	
  between	
   the	
   least	
   squares	
  planes	
  below	
  5.2°.	
  
Also	
  the	
  bpy	
  ligands	
  are	
  almost	
  planar	
  with	
  even	
  smaller	
  angles	
  between	
  the	
  least	
  squares	
  
planes	
   (cation	
  A:	
   0.1°	
   and	
   cation	
  B:	
   4.9°).	
   As	
   there	
   is	
   no	
   pendant	
   ring	
  which	
   can	
   undergo	
  
intramolecular	
   interactions,	
   the	
  bpy	
   ligand	
   is	
  not	
  distorted.	
  The	
  atoms	
  B1A	
  and	
  B1B	
  are	
   in	
  
tetrahedral	
   environments	
  with	
   tetrahedral	
   angles	
   around	
   the	
   atom	
  B1A	
  between	
  102.5(4)	
  
and	
  114.7(4)°	
  and	
  around	
  atom	
  B1B	
  between	
  102.0(4)	
  and	
  113.5(4)°.	
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Figure	
  3.8	
  Structure	
  of	
  Λ-­‐cation	
  A	
  and	
  the	
  tetrahedral	
  anion	
  A	
  of	
  8{[Ir(ppy)2(bpy)][BARF]}.3CH2Cl2	
  with	
  ellipsoids	
  plotted	
  
at	
  50%	
  probability	
  level;	
  H	
  atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
  Ir1A–C11A:	
  2.023(6),	
  Ir1A–
C22A:	
  2.040(5),	
  Ir1A–N3A:	
  2.049(4),	
  Ir1A–N4A:	
  2.065(4),	
  Ir1A–N2A:	
  2.111(4),	
  Ir1A–N1A:	
  2.157(5);	
  N1A–Ir1A–N2A:	
  75.0(2),	
  
N3A–Ir1A–C11A:	
   80.1(2),	
   N4A–Ir1A–C22A:	
   80.0(2).	
   Selected	
   bond	
   lengths	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1B–N4B:	
  
2.027(4),	
   Ir1B–C22B:	
   2.040(5),	
   Ir1B–N1B:	
   2.065(4),	
   Ir1B–C11B:	
   2.071(4),	
   Ir1B–N3B:	
   2.084(4),	
   Ir1B–N2B:	
   2.095(4);	
   N1B–
Ir1B–N2B:	
  78.7(2),	
  N3B–Ir1B–C11B:	
  78.8(2),	
  N4B–Ir1B–C22B:	
  80.0(2).	
  
The	
   crystal	
   packing	
   is	
   dominated	
   by	
   cation-­‐anion	
   interactions.	
   The	
   H...F	
   distances	
   are	
  
between	
  2.47	
  and	
  2.64	
  Å.	
  Additionally,	
  there	
  are	
  interactions	
  between	
  cations	
  with	
  different	
  
handedness	
  of	
   cations	
  A	
   and	
  B,	
   respectively.	
   These	
   interactions	
   consist	
   of	
   edge-­‐to-­‐face	
  C-­‐
H...π-­‐contacts.	
  	
  
For	
   cations	
   A	
   the	
   C-­‐H...phenyl	
   ring	
   centroid	
   distance	
   is	
   3.58	
   Å,	
   between	
   atom	
  H7AAi	
   and	
  
centroid	
   of	
   the	
   ring	
   containing	
   atom	
   C11A	
   (symmetry	
   code	
   i	
   =	
   x	
   +	
   ½,	
   ½	
   -­‐	
   y,	
   z	
   +	
   ½).	
   This	
  
interaction	
  leads	
  to	
  pseudo-­‐π-­‐stacking	
  between	
  the	
  cyclometallating	
  [ppy]-­‐	
  ligand	
  containing	
  
atom	
  C22A	
  and	
  the	
  bpy	
   ligand	
  atom	
  N1Ai	
  with	
  a	
   twisting	
  angle	
  between	
  the	
   least	
  squares	
  
planes	
   of	
   13.0°	
   but	
   the	
   inter-­‐centroid	
   distance	
   of	
   4.24	
   Å	
   is	
   way	
   out	
   of	
   the	
   range	
   for	
   π-­‐
stacking	
  interactions	
  discussed	
  by	
  Janiak.8	
  	
  
Similarly,	
  between	
  cations	
  B	
  there	
  is	
  an	
  edge-­‐to-­‐face	
  C-­‐H...phenyl	
  ring	
  centroid	
  contact	
  at	
  a	
  
distance	
  of	
  3.52	
  Å,	
  between	
  atom	
  H15B	
  and	
  phenyl	
  ring	
  containing	
  atom	
  C22Bii	
   (symmetry	
  
code	
  ii	
  =	
  -­‐x,	
  -­‐y,	
  1	
  –	
  z).	
  These	
  cations	
  show	
  also	
  a	
  pseudo	
  face-­‐to-­‐face	
  π-­‐stacking	
  interaction	
  
between	
  the	
  [ppy]-­‐	
  ligands	
  of	
  adjacent	
  cations	
  containing	
  atoms	
  C11B	
  and	
  C11Bi	
  (symmetry	
  
code	
  i	
  =	
  -­‐x,	
  -­‐y,	
  1	
  –	
  z)	
  with	
  a	
  distance	
  between	
  the	
  parallel	
  planes	
  (symmetry	
  imposed	
  by	
  an	
  
inversion	
  centre)	
  of	
  3.44	
  Å	
  (see	
  Figure	
  3.9).	
  But	
  the	
  centroid	
  distances	
  are	
  out	
  of	
  the	
  range	
  
discussed	
  by	
  Janiak.8	
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Figure	
   3.9	
   Intermolecular	
   stacking	
   interactions	
   in	
   [Ir(ppy)2(bpy)][BARF]	
   between	
   cations	
   of	
  molecules	
  A	
   (green)	
   and	
  B	
  
(blue)	
  with	
  Δ-­‐	
  (dark)	
  and	
  Λ-­‐	
  form	
  (light).	
  Anions	
  and	
  solvent	
  molecules	
  are	
  omitted	
  in	
  this	
  presentation.	
  
The	
  crystal	
  packing	
  with	
  the	
  anions	
  together	
  with	
  the	
  cations	
  is	
  depicted	
  in	
  Figure	
  3.10.	
  The	
  
anions	
   separate	
   the	
   layers	
   of	
   cations	
   A	
   and	
   B.	
   Within	
   each	
   layer	
   of	
   cations,	
   there	
   are	
  
columns	
  of	
  alternating	
  Δ-­‐	
  and	
  Λ-­‐enantiomers.	
  Within	
  each	
  layer	
  of	
  anions,	
  there	
  are	
  columns	
  
of	
  alternating	
  anions	
  A	
  and	
  anions	
  B.	
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Figure	
  3.10	
  Alternating	
  sheets	
  of	
  cations	
  A	
  (green),	
  anions	
  (alternating	
  A	
  and	
  B	
  in	
  each	
  sheet)	
  and	
  cations	
  B	
  (blue).	
  Within	
  
the	
  sheets	
  of	
  cations	
  there	
  are	
  alternating	
  Δ-­‐	
  (dark)	
  and	
  Λ-­‐forms	
  (light).	
  
The	
   solvent	
   molecule	
   is	
   disordered	
   as	
   0.5	
   +	
   0.25	
   occupancy.	
   Additionally	
   the	
   -­‐CF3	
   group	
  
containing	
  atom	
  F19	
  has	
  rotational	
  disorder	
  of	
  0.558:0.442.	
  
	
  
3.4. Photophysical	
  properties	
  
The	
  photophysical	
  properties	
  of	
  the	
  four	
  complexes	
  have	
  been	
  measured	
  in	
  aerated	
  MeCN	
  
solutions	
  at	
  concentrations	
  of	
  c	
  =	
  1.00	
  x	
  10-­‐5	
  M.	
  The	
  absorption	
  and	
  the	
  emission	
  spectra	
  of	
  
the	
   four	
   complexes	
   are	
   very	
   similar	
   (see	
   Figure	
   3.11).	
   In	
   the	
   absorption	
   spectra,	
   each	
  
complex	
   shows	
   a	
   relatively	
   strong	
   band	
   around	
   265	
   nm	
  with	
   a	
   shoulder	
   around	
   320	
   nm.	
  
These	
  bands	
  were	
  assigned	
  to	
   ligand	
  based	
  π*	
  	
  π	
   transitions	
  with	
  extinction	
  coefficients	
  
around	
   48’000	
   and	
   25’000	
   dm3	
  mol-­‐1	
   cm-­‐1.	
   Around	
   370	
   nm,	
   there	
   are	
   spin-­‐allowed	
  MLCT	
  
transitions	
  with	
  extinction	
  coefficients	
  around	
  6’000	
  dm3	
  mol-­‐1	
  cm-­‐1.	
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Figure	
  3.11	
  Absorption	
  spectra	
  of	
  the	
  four	
  complexes	
  in	
  MeCN	
  solutions	
  (c	
  =	
  10-­‐5	
  M).	
  
Excitation	
   at	
   265	
   nm	
   leads	
   to	
   an	
   orange	
   emission	
   in	
   solution	
   for	
   all	
   four	
   complexes.	
   The	
  
counterion	
  seems	
  not	
  to	
   influence	
  the	
  emission	
  maximum	
  of	
  the	
  complexes.	
  The	
  emission	
  
maxima	
  are	
  605	
  nm	
  for	
  the	
  two	
  asymmetric	
  compounds	
  and	
  590	
  nm	
  for	
  the	
  two	
  symmetric	
  
compounds.	
  These	
  emission	
  maxima	
  are	
  comparable	
  to	
  the	
  asymmetric	
  [Ir(ppy)2(pbpy)][PF6]	
  
(λem	
   =	
   595	
   nm)	
   and	
   the	
   symmetric	
   [Ir(ppy)2(bpy)][PF6]	
   compound	
   (λem	
   =	
   590	
   nm).6,	
   10	
   The	
  
emission	
  spectra	
  show	
  the	
  well	
  known,	
  broad	
  and	
  unstructured	
  shape	
  which	
  is	
  characteristic	
  
of	
  complexes	
  containing	
  a	
  combination	
  of	
  neutral	
  diimine	
  and	
  cyclometallating	
  ligands.	
  	
  
	
  
Figure	
  3.12	
  Emission	
  spectra	
  of	
  the	
  four	
  complexes	
  in	
  MeCN	
  solutions	
  (c	
  =	
  10-­‐5	
  M,	
  λex	
  =	
  265	
  nm).	
  
The	
  quantum	
  yield	
  measurements	
  were	
  performed	
  in	
  MeCN	
  solutions	
  of	
  the	
  complexes.	
  The	
  
solutions	
   were	
   degassed	
   with	
   argon	
   for	
   15	
   minutes	
   prior	
   to	
   the	
   measurements.	
   The	
  
quantum	
   yields	
   for	
   the	
   asymmetric	
   complexes	
   are	
   much	
   lower	
   than	
   for	
   the	
   complexes	
  
without	
   the	
   intramolecular	
   stacking	
   interaction	
   (3.4	
   and	
   2.7	
   versus	
   11.0	
   and	
   8.3%).	
   This	
  
behaviour	
  is	
  also	
  seen	
  in	
  the	
  similar	
  [PF6]-­‐	
  salts	
  of	
  the	
  complexes	
  with	
  similar	
  quantum	
  yields	
  
(3	
  and	
  14%).6	
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3.5. Electrochemical	
  properties	
  
All	
  four	
  compounds	
  are	
  electrochemically	
  active.	
  The	
  electrochemical	
  properties	
  have	
  been	
  
measured	
  in	
  deaerated	
  MeCN	
  solutions	
  with	
  0.1	
  M	
  [nBu4N][PF6]	
  supporting	
  electrolyte	
  at	
  a	
  
scan	
   rate	
  of	
  0.1	
  V	
   s-­‐1.	
   Table	
  3.2	
  presents	
   the	
  cyclic	
   voltammetric	
  data	
  with	
   respect	
  Fc/Fc+.	
  
Unless	
  otherwise	
  stated,	
  the	
  electrochemical	
  processes	
  are	
  reversible	
  or	
  near-­‐reversible.	
  In	
  
general,	
   the	
   four	
   complexes	
   show	
   very	
   similar	
   oxidations	
   and	
   reductions.	
   For	
   all	
   four	
  
complexes,	
   the	
   reversible	
   or	
   quasi-­‐reversible	
   oxidation	
   between	
   +0.78	
   and	
   +0.88	
   V	
   was	
  
assigned	
   to	
   an	
   iridium-­‐centred	
   process.	
   All	
   four	
   complexes	
   show	
   bpy-­‐centred	
   reduction	
  
processes.	
   The	
   ΔE1/2	
   values	
   of	
   the	
   complexes	
   are	
   directly	
   comparable	
   with	
   the	
   [PF6]-­‐	
  
analogues	
  of	
  the	
  two	
  complexes,	
  with	
  a	
  difference	
  of	
  only	
  0.01	
  V.6	
  	
  
Table	
  3.2	
  Cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  Fc/Fc+;	
  MeCN	
  solutions	
  with	
  [nBu4N][PF6]	
  supporting	
  electrolyte,	
  and	
  
scan	
  rate	
  of	
  0.1	
  V	
  s–1	
  (ir	
  =	
  irreversible;	
  qr	
  =	
  quasi-­‐reversible).	
  
Compound	
   E1/2ox	
  /	
  V	
   E1/2red	
  /	
  V	
   ΔE1/2	
  /	
  V	
  
[Ir(ppy)2(pbpy)][B(CN)4]	
   +0.81qr	
   –1.78,	
  –2.43ir	
   2.59	
  
[Ir(ppy)2(bpy)][B(CN)4]	
   +0.87	
  	
   –1.78,	
  –2.47ir	
  	
   2.65	
  
[Ir(ppy)2(pbpy)][BARF]	
   +0.78qr	
   –1.81,	
  –2.47ir	
   2.59	
  
[Ir(ppy)2(bpy)][BARF]	
   +0.88	
   	
  –1.78,	
  –2.47ir	
   2.66	
  
	
  
3.6. Device	
  performances	
  
The	
   luminescent	
   properties	
   of	
   the	
   four	
   complexes	
   in	
   LEC	
   devices	
   (PEDOT:PSS/iTMC/Al,	
  
without	
  IL)	
  have	
  been	
  investigated.	
  	
  
Comparison	
  of	
  the	
  two	
  [B(CN)4]-­‐	
  complexes	
  with	
  their	
  [PF6]-­‐	
  analogues	
  shows	
  that	
  changing	
  
the	
   anion	
   to	
   the	
   lower	
  mass	
   [B(CN)4]-­‐	
   leads	
   to	
   an	
   increase	
   of	
   the	
   device	
   performance	
   in	
  
terms	
  of	
  efficiency	
  and	
  external	
  quantum	
  efficiency,	
  but	
  the	
  maximum	
  luminance	
  is	
  lowered	
  
(Table	
  3.3).	
  	
  
Table	
  3.3	
  Device	
  performances	
  of	
  the	
  tetracyanidoborate	
  complexes	
  compared	
  with	
  the	
  [PF6]
-­‐	
  analogues.	
  
iTMC	
  
turn-­‐on	
  
time	
  ton	
  hr	
  
Lummax	
  
cd/m2	
  
Efficacy	
  	
  	
  
cd/A	
   EQE	
  
Power	
  Efficiency	
  
lm/W	
  
[Ir(ppy)2(pbpy)][B(CN)4]	
   27	
   76	
   ≈5.5	
   ≈1.8%	
   ≈3.5	
  
[Ir(ppy)2(pbpy)][PF6]	
   14	
   88	
   2.5	
   0.9%	
   1.9	
  
[Ir(ppy)2(bpy)][B(CN)4]	
   1.5	
   580	
   11.1	
   2.5%	
   6.5	
  
[Ir(ppy)2(bpy)][PF6]	
   4.5	
   2000	
   5.2	
   1.8%	
   4.1	
  
	
  
Interestingly,	
   there	
   is	
   no	
   general	
   trend	
   for	
   the	
   turn-­‐on	
   times	
   of	
   the	
   LEC	
   devices.	
  While	
   in	
  
[Ir(ppy)2(pbpy)]+	
   the	
   turn-­‐on	
   time	
   is	
   considerably	
   shorter	
   with	
   the	
   lighter	
   anion,	
   in	
  
[Ir(ppy)2(bpy)]+	
  the	
  observation	
  is	
  the	
  opposite.	
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Preliminary	
  tests	
  of	
  mixing	
  the	
  salts	
  with	
  different	
  cations	
  yielded	
  an	
  overall	
  decrease	
  of	
  the	
  
LEC	
  device	
  performance.	
  This	
  phenomenon	
  needs	
   further	
  experiments	
   to	
   fully	
  understand	
  
the	
  observations.	
  
In	
  the	
  two	
  [BARF]-­‐	
  complexes,	
  the	
  mobility	
  of	
  the	
  anions	
  is	
  extremely	
  low.	
  Thus,	
  the	
  devices	
  
do	
  not	
  show	
  any	
  luminance	
  at	
  temperatures	
  below	
  60	
  °C.	
  Upon	
  heating	
  a	
  LEC	
  device	
  to	
  60	
  °C	
  
or	
  higher,	
  the	
  ionic	
  conductivity	
  is	
  strongly	
  increased	
  and	
  produces	
  a	
  sudden	
  light	
  emission	
  
at	
  60	
  °C.	
  Unfortunately,	
  the	
  lifetime	
  of	
  the	
  LEC	
  devices	
  is	
  very	
  short.	
  	
  
	
  
3.7. Conclusion	
  and	
  outlook	
  	
  
The	
   synthesis	
   and	
   characterization	
   of	
   the	
   four	
   complexes	
   was	
   successful.	
   Unfortunately,	
  
trials	
   towards	
   the	
   two	
   cations	
   with	
   the	
   non-­‐fluorinated	
   tetraphenylborate	
   anion	
   [B(Ph)4]-­‐	
  
were	
  not	
  successful.	
  
Changing	
  the	
  [PF6]-­‐	
  to	
  the	
   large	
  [BARF]-­‐	
  anion,	
  yielded	
  in	
  the	
  desired	
  reduction	
  of	
  the	
   ionic	
  
mobility.	
  Reducing	
  the	
  weight	
  of	
  the	
  anion,	
  from	
  [PF6]-­‐	
  to	
  [B(CN)4]-­‐	
  leads	
  to	
  an	
  enhancement	
  
in	
  the	
  efficiency	
  and	
  EQE	
  of	
  the	
  LEC	
  device.	
  But	
  the	
  luminance	
  decreased	
  and	
  the	
  effect	
  on	
  
the	
  turn-­‐on	
  time	
  is	
  not	
  yet	
  understood.	
  	
  
Currently,	
   there	
  are	
  ongoing	
   investigations	
   for	
  a	
  better	
  understanding	
  of	
   the	
  behaviour	
  of	
  
the	
  LEC	
  devices	
  based	
  on	
  the	
  four	
  complexes	
  and	
  their	
  [PF6]-­‐	
  analogues.	
  	
  
For	
  the	
  [BARF]-­‐	
  complexes,	
  currently	
  different	
  cooling	
  methods	
  with	
  different	
  cooling	
  rates	
  
are	
   being	
   used,	
   to	
   decrease	
   the	
   ionic	
   mobility	
   after	
   the	
   onset	
   of	
   the	
   luminance.	
  
Furthermore,	
   an	
   ionic	
   liquid	
   will	
   be	
   used	
   to	
   avoid	
   crystal	
   formation	
   during	
   the	
   cooling	
  
process,	
  which	
  has	
  already	
  been	
  detected	
  in	
  preliminary	
  studies.	
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3.8. Experimental	
  
3.8.1. [Ir(ppy)2(pbpy)][B(CN)4]	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (107.2	
  mg,	
  0.100	
  mmol)	
  and	
  6-­‐phenyl-­‐2,2'-­‐bipyridine	
  
(46.7	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  hours	
  
at	
  120°C	
  (P	
  =	
  14	
  bar).	
  The	
  orange	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  and	
  solid	
  
KB(CN)4	
   (254	
  mg,	
  1.6	
  mmol,	
  16.0	
  eq)	
  was	
  added.	
  The	
  mixture	
  was	
   stirred	
   for	
  1	
  h	
  at	
   room	
  
temperature	
   and	
   then	
   evaporated	
   to	
   dryness.	
   The	
   crude	
   material	
   was	
   purified	
   twice	
   by	
  
column	
  chromatography	
  (Fluka	
  Silica	
  60	
  and	
  Merck	
  aluminium	
  oxide	
  90;	
  CH2Cl2	
  changing	
  to	
  
CH2Cl2:MeOH	
   =	
   100:3).	
   [Ir(ppy)2(pbpy)][B(CN)4]	
  was	
   isolated	
   as	
   a	
   yellow-­‐orange	
   solid	
   (157	
  
mg,	
  0.185	
  mmol,	
  92.1%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  8.48	
  (dd,	
  J	
  =	
  8.2,	
  1.3	
  Hz,	
  
1H	
  HF3),	
  8.46	
  (m,	
  1H,	
  HE3),	
  8.22	
  (t,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HF4),	
  8.11	
  (ddd,	
  J	
  =	
  8.1,	
  7.7,	
  1.6	
  Hz,	
  1H,	
  HE4),	
  
7.91	
  (ddd,	
  J	
  =	
  5.5,	
  1.6,	
  0.7	
  Hz,	
  1H,	
  HE6),	
  7.89	
  –	
  7.80	
  (m,	
  3H,	
  HB3+B4+D3),	
  7.76	
  (ddd,	
  J	
  =	
  8.2,	
  7.4,	
  
1.5	
  Hz,	
  1H,	
  HD4),	
  7.70	
  (m,	
  1H,	
  HB6),	
  7.53	
  (dd,	
  J	
  =	
  7.8,	
  1.3	
  Hz,	
  1H,	
  HA3),	
  7.50	
  (dd,	
  J	
  =	
  7.7,	
  1.2	
  Hz,	
  
1H,	
  HF5),	
  7.40	
  (ddd,	
   J	
  =	
  6.5,	
  3.9,	
  1.0	
  Hz,	
  2H,	
  HE5+D6),	
  7.23	
  (dd,	
   J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HC3),	
  7.07	
  
(ddd,	
  J	
  =	
  7.4,	
  5.9,	
  1.6	
  Hz,	
  1H,	
  HD5),	
  7.04	
  (ddd,	
  J	
  =	
  6.8,	
  5.9,	
  2.0	
  Hz,	
  1H,	
  HB5),	
  6.95	
  (tdd,	
  J	
  =	
  7.6,	
  
2.5,	
  1.2	
  Hz,	
  2H,	
  HG4+A4),	
  6.85	
  –	
  6.79	
  (m,	
  1H,	
  HA5),	
  6.74	
  (t,	
  J	
  =	
  7.8	
  Hz,	
  2H,	
  HG3),	
  6.60	
  (ddd,	
  J	
  =	
  
7.8,	
  7.3,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.52	
  (s,	
  2H,	
  HG2),	
  6.42	
  –	
  6.36	
  (m,	
  1H,	
  HC5),	
  5.96	
  (dd,	
  J	
  =	
  7.8,	
  0.8	
  Hz,	
  
1H,	
  HA6),	
  5.58	
   (dd,	
   J	
  =	
  7.7,	
  0.7	
  Hz,	
  1H,	
  HC6).	
   13C	
   {1H}	
  NMR	
   (126	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  
169.4	
   (CB2),	
   167.7	
   (CD2),	
   166.5	
   (CF6),	
   157.4	
   (CE2),	
   157.2	
   (CF2),	
   151.3	
   (CC1),	
   151.0	
   (CE6),	
   149.4	
  
(CB6),	
   149.3	
   (CD6),	
   146.9	
   (CA1),	
   143.5	
   (CA2),	
   143.3	
   (CC2),	
   140.0	
   (CF4),	
   139.7	
   (CE4),	
   138.7	
   (CD4),	
  
138.6	
   (CB4),	
  138.1	
   (CG1),	
  131.9	
   (CC6),	
  131.3	
   (CA5),	
  130.	
  7	
   (CA6),	
  130.6	
   (CF5),	
  130.1	
   (CC5),	
  129.6	
  
(CG4),	
   128.4	
   (CG3),	
   128.3	
   (CE5),	
   127.9	
   (CG2),	
   125.3	
   (CE3),	
   125.2	
   (CA3),	
   125.1	
   (CC3),	
   123.9	
   (CD5),	
  
123.8	
   (CF3),	
   123.4	
   (CA4),	
   123.2	
   ([B(CN)4]-­‐,	
   non-­‐binomial	
   quartet,	
   JB-­‐C	
   =	
   71.1	
  Hz),	
   122.8	
   (CB5),	
  
121.4	
  (CC4),	
  120.5	
  (CB3),	
  120.4	
  (CD3).	
  11B	
  NMR	
  (128	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  -­‐38.3	
  (s).11	
  IR	
  
(solid,	
  ν/cm-­‐1):	
  3043	
  (w),	
  1701	
  (w),	
  1607	
  (m),	
  1583	
  (m),	
  1560	
  (m),	
  1477	
  (s),	
  1439	
  (m),	
  1421	
  
(m),	
  1315	
  (w),	
  1269	
  (m),	
  1227	
  (m),	
  1163	
  (m),	
  1124	
  (w),	
  1063	
  (m),	
  1030	
  (m),	
  999	
  (w),	
  928	
  (m),	
  
820	
   (w),	
  754	
   (s),	
  729	
   (s),	
  694	
   (s),	
  629	
   (m),	
  569	
   (m),	
  559	
   (m).	
  MS	
   (ESI,	
  m/z):	
  positive	
  mode:	
  
733.2	
   [M-­‐PF6]+	
   (calc.	
   733.2),	
   negative	
   mode:	
   115.1	
   [B(CN)4]-­‐	
   (calc.	
   115.0).	
   UV-­‐Vis	
   λ/nm	
  
(ε/dm3	
  mol–1	
   cm–1)	
   (CH2Cl2,	
  1.00	
  ×	
  10–5	
  mol	
  dm–3):	
  267	
   (48’700),	
  383	
   (6'300).	
  UV-­‐Vis	
   λ/nm	
  
(ε/dm3	
  mol–1	
  cm–1)	
   (MeCN,	
  2.50	
  ×	
  10–5	
  mol	
  dm–3):	
  260	
  (45’500),	
  300	
  (26'400),	
  375	
  (5’400).	
  
Luminescence	
  (CH2Cl2,	
  c	
  =	
  1.00	
  x	
  10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  310	
  nm):	
  λem	
  =	
  596	
  nm,	
  lifetime	
  τ	
  =	
  128	
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ns	
  (χ2	
  =	
  1.003).	
  Luminescence	
  (MeCN,	
  c	
  =	
  2.50x10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  265	
  nm):	
  λem	
  =	
  605	
  nm.	
  
Quantum	
  yield	
  (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  250	
  nm,	
  integration	
  range:	
  520	
  –	
  800	
  nm):	
  
0.034.	
  Elem.	
  Anal.	
  calcd.	
  for	
  C42H28N8IrB·∙0.75H2O	
  (861.26)	
  C	
  58.57,	
  H	
  3.45,	
  N,	
  13.01;	
  found	
  C	
  
58.61,	
  H	
  3.54,	
  N	
  13.01.	
  Electrochemistry:	
  E1ox:	
  +0.87	
  V/+0.74qr	
  V,	
  E1red:	
  -­‐1.81	
  V/-­‐1.75	
  V,	
  E2red:	
  -­‐
2.43	
  V/ir.	
  
	
  
3.8.2. [Ir(ppy)2(bpy)][B(CN)4]	
  
	
  
A	
   yellow	
   suspension	
   of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.2	
  mg,	
   0.100	
  mmol)	
   and	
   2,2'-­‐bipyridine	
   (31.4	
  
mg,	
   0.201	
  mmol)	
   in	
  methanol	
   (15	
  mL)	
  was	
   heated	
   in	
   a	
  microwave	
   reactor	
   for	
   2	
   hours	
   at	
  
120°C	
   (P	
   =	
   14	
   bar).	
   The	
   orange	
   solution	
  was	
   then	
   cooled	
   to	
   room	
   temperature,	
   and	
   solid	
  
KB(CN)4	
  (254	
  mg,	
  1.6	
  mmol,	
  16.0	
  eq)	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  3	
  hrs	
  at	
  room	
  
temperature	
   and	
   then	
   evaporated	
   to	
   dryness.	
   The	
   crude	
   material	
   was	
   purified	
   twice	
   by	
  
column	
  chromatography	
  (Fluka	
  Silica	
  60	
  and	
  Merck	
  aluminium	
  oxide	
  90;	
  CH2Cl2	
  changing	
  to	
  
CH2Cl2:MeOH	
  =	
  100:2).	
  [Ir(ppy)2(bpy)][B(CN)4]	
  was	
  isolated	
  as	
  a	
  yellow-­‐orange	
  solid	
  (134	
  mg,	
  
0.173	
  mmol,	
  86.6%).	
  1H	
  NMR	
   (500	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  8.46	
  (d,	
  J	
  =	
  8.2	
  Hz,	
  2H,	
  HE3),	
  
8.14	
  (td,	
  J	
  =	
  7.9,	
  1.6	
  Hz,	
  2H,	
  HE4),	
  8.05	
  (ddd,	
  J	
  =	
  5.5,	
  1.6,	
  0.6	
  Hz,	
  2H,	
  HE6),	
  7.97	
  (d,	
  J	
  =	
  8.0	
  Hz,	
  
2H,	
  HB3),	
  7.80	
  (ddd,	
  J	
  =	
  8.2,	
  7.5,	
  1.5	
  Hz,	
  2H,	
  HB4),	
  7.75	
  (dd,	
  J	
  =	
  7.8,	
  1.2	
  Hz,	
  2H,	
  HA3),	
  7.52	
  –	
  7.47	
  
(m,	
  4H,	
  HB6+E5),	
  7.11	
  –	
  7.06	
  (m,	
  2H,	
  HA4),	
  7.00	
  (ddd,	
  J	
  =	
  7.3,	
  5.9,	
  1.4	
  Hz,	
  2H,	
  HB5),	
  6.95	
  (td,	
  J	
  =	
  
7.4,	
  1.3	
  Hz,	
  2H,	
  HA5),	
  6.32	
  (dd,	
  J	
  =	
  7.6,	
  0.8	
  Hz,	
  2H,	
  HA6).	
  13C	
  {1H}	
  NMR	
  (126	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  
δ/ppm	
  168.3	
   (CB2),	
  156.2	
   (CE2),	
  151.5	
   (CE6),	
  150.3	
   (CA1),	
  149.1	
   (CB6),	
  144.2	
   (CA2),	
  139.8	
   (CE4),	
  
138.8	
   (CB4),	
   132.2	
   (CA6),	
   131.3	
   (CA5),	
   129.0	
   (CE5),	
   125.5	
   (CA3),	
   124.9	
   (CE3),	
   123.8	
   (CB5),	
   123.3	
  
(CA4),	
   123.2	
   ([B(CN)4]-­‐,	
   non-­‐binomial	
   quartet,	
   JB-­‐C	
   =	
   71.1	
   Hz),	
   120.5	
   (CB3).	
   11B	
   NMR	
   (128	
  
MHzCD2Cl2,	
  295	
  K,)	
  δ/ppm	
  -­‐38.4	
  (s).11	
   IR	
   (solid,	
  ν/cm-­‐1):	
  3028	
  (w),	
  1605	
  (s),	
  1583	
  (m),	
  1472	
  
(s),	
  1447	
  (s),	
  1418	
  (s),	
  1312	
  (m),	
  1267	
  (m),	
  1163	
  (m),	
  1061	
  (m),	
  1032	
  (m),	
  924	
  (s),	
  793	
  (m),	
  
756	
   (s),	
  731	
   (s),	
  669	
   (m),	
  631	
   (m)	
  cm-­‐1.	
  MS	
   (ESI,	
  m/z):	
  positive	
  mode:	
  657.1	
   [M-­‐PF6]+	
   (calc.	
  
656.8),	
  negative	
  mode:	
  115.2	
  [B(CN)4]-­‐	
  (calc.	
  115.0).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (MeCN,	
  
2.50	
   ×	
   10–5	
  mol	
   dm–3):	
   255	
   (49’300),	
   300	
   (26'300),	
   375	
   (6'700).	
   Luminescence	
   (MeCN,	
   c	
   =	
  
2.50	
  x	
  10-­‐5	
  mol	
  l-­‐1,	
  λex	
  =	
  265	
  nm):	
  λem	
  =	
  590	
  nm.	
  Quantum	
  yield	
  (MeCN,	
  degassed	
  with	
  argon,	
  
λex	
   =	
   250	
   nm,	
   integration	
   range:	
   510	
   –	
   800	
   nm):	
   0.110.	
   Elem.	
   Anal.	
   calcd.	
   for	
  
C36H24BIrN8·∙0.5H2O	
   (780.67)	
   C	
   55.39,	
   H	
   3.23,	
   N,	
   14.35;	
   found	
   C	
   55.29,	
   H	
   3.01,	
   N	
   14.32.	
  
Electrochemistry:	
  E1ox:	
  +0.91	
  V/+0.83	
  V,	
  E1red:	
  -­‐1.81	
  V/-­‐1.75	
  V,	
  E2red:	
  -­‐2.47	
  V/ir.	
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3.8.3. [Ir(ppy)2(pbpy)][BARF]	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (107.2	
  mg,	
  0.100	
  mmol)	
  and	
  6-­‐phenyl-­‐2,2'-­‐bipyridine	
  
(46.7	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  hours	
  
at	
  120°C	
  (P	
  =	
  11	
  bar).	
  The	
  orange	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  and	
  solid	
  
sodium	
   tetrakis[3,5-­‐bis(trifluoromethyl)phenyl]borate	
   (709	
   mg,	
   0.8	
   mmol,	
   8.0	
   eq)	
   was	
  
added.	
   The	
   mixture	
   was	
   stirred	
   for	
   2	
   hrs	
   at	
   room	
   temperature	
   and	
   then	
   evaporated	
   to	
  
dryness.	
  The	
  crude	
  material	
  was	
  purified	
   twice	
  by	
  column	
  chromatography	
   (Fluka	
  Silica	
  60	
  
and	
   Merck	
   aluminium	
   oxide	
   90;	
   CH2Cl2).	
   [Ir(ppy)2(pbpy)][BARF]	
   was	
   isolated	
   as	
   a	
   yellow-­‐
orange	
   solid	
   (286	
  mg,	
  0.179	
  mmol,	
  89.7%).	
   1H	
  NMR	
   (500	
  MHz,	
  CD2Cl2,	
   295	
  K)	
  δ/ppm	
  8.33	
  
(dd,	
  J	
  =	
  8.1,	
  1.2	
  Hz,	
  1H,	
  HF3),	
  8.30	
  (d,	
  J	
  =	
  8.2	
  Hz,	
  1H,	
  HE3),	
  8.11	
  (t,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HF4),	
  8.01	
  –	
  
7.97	
  (m,	
  1H,	
  HE4),	
  7.93	
  (ddd,	
  J	
  =	
  5.7,	
  1.5,	
  0.7	
  Hz,	
  1H,	
  HE6),	
  7.86	
  –	
  7.83	
  (m,	
  2H,	
  HB4+B3),	
  7.81	
  (d,	
  J	
  
=	
  7.9	
  Hz,	
  1H,	
  HD3),	
  7.75	
  –	
  7.69	
  (m,	
  9H,	
  HH2+D4),	
  7.65	
  (dt,	
  J	
  =	
  5.8,	
  1.1	
  Hz,	
  1H,	
  HB6),	
  7.56	
  (s,	
  4H,	
  
HH4),	
  7.52	
  (dd,	
  J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HA3),	
  7.49	
  (dd,	
  J	
  =	
  7.7,	
  1.2	
  Hz,	
  1H,	
  HF5),	
  7.36	
  (ddd,	
  J	
  =	
  7.6,	
  
5.5,	
  1.2	
  Hz,	
  1H,	
  HE5),	
  7.32	
  (ddd,	
  J	
  =	
  5.9,	
  1.3,	
  0.7	
  Hz,	
  1H,	
  HD6),	
  7.23	
  (dd,	
  J	
  =	
  7.8,	
  1.1	
  Hz,	
  1H,	
  HC3),	
  
7.00	
  (ddd,	
  J	
  =	
  7.3,	
  5.9,	
  1.4	
  Hz,	
  1H,	
  HD5),	
  6.99	
  –	
  6.93	
  (m,	
  3H,	
  HB5+A4+G4),	
  6.83	
  (td,	
  J	
  =	
  7.5,	
  1.4	
  Hz,	
  
1H,	
  HA5),	
  6.74	
  (t,	
  J	
  =	
  7.8	
  Hz,	
  2H,	
  HG3),	
  6.62	
  (td,	
  J	
  =	
  7.8,	
  1.1	
  Hz,	
  1H,	
  HC4),	
  6.50	
  (s,	
  2H,	
  HG2),	
  6.41	
  
(td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC5),	
  5.95	
  (dd,	
  J	
  =	
  7.7,	
  0.9	
  Hz,	
  1H,	
  HA6),	
  5.58	
  (dd,	
  J	
  =	
  7.6,	
  0.8	
  Hz,	
  1H,	
  
HC6).	
  NOESY	
  at	
  room	
  temperature:	
  crosspeak	
  from	
  broad	
  G2	
  to	
  D6	
  (7.31	
  ppm).	
  13C	
  {1H}	
  NMR	
  
(126	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  169.6	
  (CB2),	
  167.9	
  (CD2),	
  166.8	
  (CF6),	
  162.3	
  (CH1,	
  non-­‐binomial	
  
quartet,	
   2JB-­‐C	
   =	
  49.9	
  Hz),	
  157.3	
   (CE2),	
  157.2	
   (CF2),	
  151.2	
   (CE6),	
  151.0	
   (CC1),	
  149.1	
   (CB6),	
  149.0	
  
(CD6),	
   146.6	
   (CA1),	
   143.4	
   (CA2),	
   143.2	
   (CC2),	
   139.8	
   (CF4),	
   139.5	
   (CE4),	
   138.7	
   (CD4),	
   138.6	
   (CB4),	
  
137.9	
  (CG1),	
  135.4	
  (CH2),	
  131.8	
  (CC6),	
  131.5	
  (CA5),	
  130.7	
  (CA6),	
  130.6	
  (CF5),	
  130.2	
  (CC5),	
  129.76	
  
(CG4),	
  129.4	
  (CH3,	
  qdd,	
  J	
  =	
  31.5,	
  5.8,	
  2.9	
  Hz),	
  128.5	
  (CG3),	
  128.3	
   (CE5),	
  127.8	
  (CG2),	
  125.2	
  (2C,	
  
CA3+C3),	
  125.1	
  (CCF3,	
  q,	
  2JC-­‐F	
  =	
  272.4	
  Hz),	
  124.9	
  (CE3),	
  123.8	
  (CD5),	
  123.5	
  (C	
  A4),	
  123.4	
  (CF3),	
  122.7	
  
(CB5),	
  121.5	
  (CC4),	
  120.7	
  (CB3),	
  120.5	
  (CD3),	
  118.0	
  (CH4,	
  dt,	
  J	
  =	
  7.8,	
  3.9	
  Hz).	
  11B	
  NMR	
  (128	
  MHz,	
  
CD2Cl2,	
   295	
  K)	
   δ/ppm	
   -­‐6.46	
   –	
   -­‐6.72	
   (m).11	
   IR	
   (solid,	
   ν/cm-­‐1):	
   3045	
   (w),	
   2355	
   (w),	
   1609	
   (m),	
  
1479	
  (m),	
  1450	
  (m),	
  1425	
  (w),	
  1354	
  (s),	
  1271	
  (s),	
  1159	
  (m),	
  1115	
  (s),	
  1103	
  (s),	
  1095	
  (s),	
  1067	
  
(s),	
  935	
  (m),	
  887	
  (s),	
  841	
  (m),	
  756	
  (s),	
  735	
  (s),	
  712	
  (s),	
  681	
  (s),	
  669	
  (s),	
  615	
  (m),	
  581	
  (w).	
  MS	
  
(ESI,	
  m/z):	
  positive	
  mode:	
  733.2	
   [M-­‐PF6]+	
   (calc.	
  733.2),	
  negative	
  mode:	
  863.1	
   [BARF]-­‐	
   (calc.	
  
863.1).	
  UV-­‐Vis	
   λ/nm	
   (ε/dm3	
  mol–1	
   cm–1)	
   (MeCN,	
   1.00	
   ×	
   10–5	
  mol	
   dm–3):	
   259	
   (46’000),	
   300	
  
(24'400),	
  375	
  (5’000).	
  Luminescence	
  (MeCN,	
  c	
  =	
  2.50	
  x	
  10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  265	
  nm):	
  λem	
  =	
  605	
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nm.	
  Quantum	
  yield	
  (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  260	
  nm,	
  integration	
  range:	
  530	
  –	
  800	
  
nm):	
  0.027.	
  Elem.	
  Anal.	
  calcd.	
  for	
  C70H40BF24IrN4	
  (1596.08)	
  C	
  52.68,	
  H	
  2.53,	
  N,	
  3.51;	
  found	
  C	
  
53.08,	
  H	
  2.82,	
  N	
  3.71.	
  Electrochemistry:	
  E1ox:	
  +0.85	
  V/+0.71qr	
  V,	
  E1red:	
  -­‐1.83	
  V/-­‐1.78	
  V,	
  E2red:	
  -­‐
2.47	
  V/ir.	
  
	
  
3.8.4. [Ir(ppy)2(bpy)][BARF]	
  
	
  
A	
   yellow	
   suspension	
   of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.2	
  mg,	
   0.100	
  mmol)	
   and	
   2,2'-­‐bipyridine	
   (46.7	
  
mg,	
   0.201	
  mmol)	
   in	
  methanol	
   (15	
  mL)	
  was	
   heated	
   in	
   a	
  microwave	
   reactor	
   for	
   2	
   hours	
   at	
  
120°C	
   (P	
   =	
   14	
   bar).	
   The	
   orange	
   solution	
  was	
   then	
   cooled	
   to	
   room	
   temperature,	
   and	
   solid	
  
sodium	
   tetrakis[3,5-­‐bis(trifluoromethyl)phenyl]borate	
   (709	
   mg,	
   0.8	
   mmol,	
   8.0	
   eq)	
   was	
  
added.	
   The	
   mixture	
   was	
   stirred	
   for	
   2	
   hrs	
   at	
   room	
   temperature	
   and	
   then	
   evaporated	
   to	
  
dryness.	
  The	
  crude	
  material	
  was	
  purified	
   twice	
  by	
  column	
  chromatography	
   (Fluka	
  Silica	
  60	
  
and	
   Merck	
   aluminium	
   oxide	
   90;	
   CH2Cl2).	
   [Ir(ppy)2(bpy)][BARF]	
   was	
   isolated	
   as	
   a	
   yellow-­‐
orange	
  solid	
  (276	
  mg,	
  0.182	
  mmol,	
  90.8%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  8.29	
  (dt,	
  
J	
  =	
  8.1,	
  0.9	
  Hz,	
  2H,	
  HE3),	
  8.06	
  (ddd,	
  J	
  =	
  5.4,	
  1.6,	
  0.7	
  Hz,	
  2H,	
  HE6),	
  8.03	
  –	
  7.98	
  (m,	
  2H,	
  HE4),	
  7.97	
  
–	
   7.95	
   (m,	
   2H,	
  HB3),	
   7.78	
   –	
   7.70	
   (m,	
   12H,	
  HA3+B4+H2),	
   7.55	
   (s,	
   4H,	
  HH4),	
   7.46	
   –	
   7.43	
   (m,	
   4H,	
  
HB6+E5),	
  7.11	
  –	
  7.07	
  (m,	
  2H,	
  HA4),	
  6.97	
  –	
  6.94	
  (m,	
  2H,	
  HA5),	
  6.96	
  –	
  6.92	
  (m,	
  2H,	
  HB5),	
  6.32	
  –	
  6.29	
  
(m,	
   2H,	
   HA6).	
   13C	
   {1H}	
   NMR	
   (126	
  MHz,	
   CD2Cl2,	
   295	
   K)	
   δ/ppm	
   168.4	
   (CB2),	
   162.3	
   (CH1,	
   non-­‐
binomial	
  quartet,	
  2JB-­‐C	
  =	
  49.8	
  Hz),	
  156.1	
  (CE2),	
  151.7	
  (CE6),	
  150.0	
  (CA1),	
  148.8	
  (CB6),	
  144.1	
  (CB2),	
  
139.6	
  (CE4),	
  138.8	
  (CB4),	
  135.3	
  (CH2),	
  132.1	
  (CA6),	
  131.4	
  (CA5),	
  129.4	
  (CH3,	
  qdd,	
  J	
  =	
  31.5,	
  5.7,	
  2.8	
  
Hz),	
   129.0	
   (CE5),	
   125.6	
   (CA3),	
   125.1	
   (CCF3,	
   q,	
   2JC-­‐F	
   =	
  272.4	
  Hz),	
   124.4	
   (CE3),	
   123.7	
   (CB5),	
   123.5	
  
(CA4),	
  120.6	
  (CB3),	
  118.0	
  (CH4,	
  dt,	
  J	
  =	
  8.0,	
  3.9	
  Hz).	
  11B	
  NMR	
  (128	
  MHz,	
  CD2Cl2,	
  295	
  K)	
  δ/ppm	
  -­‐
6.48	
  –	
  -­‐6.73	
  (m).11	
  IR	
  (solid,	
  ν/cm-­‐1):	
  3069	
  (w),	
  2357	
  (w),	
  2328	
  (w),	
  1609	
  (m),	
  1585	
  (m),	
  1425	
  
(m),	
  1354	
  (s),	
  1271	
  (s),	
  1155	
  (s),	
  1113	
  (s),	
  1065	
  (s),	
  1034	
  (m),	
  928	
  (w),	
  887	
  (s),	
  839	
  (s),	
  754	
  (s),	
  
731	
  (m),	
  714	
  (s),	
  681	
  (s),	
  667	
  (s),	
  581	
  (w).	
  MS	
  (ESI,	
  m/z):	
  positive	
  mode:	
  657.2	
  [M-­‐PF6]+	
  (calc.	
  
656.8),	
  negative	
  mode:	
  863.1	
  [BARF]-­‐	
  (calc.	
  863.1).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (MeCN,	
  
1.00	
  ×	
  10–5	
  mol	
  dm–3):	
  255	
  (48’000),	
  265	
  (47'400),	
  300	
  (23'500),	
  375	
  (5'400).	
  Luminescence	
  
(MeCN,	
  c	
  =	
  2.50	
  x	
  10-­‐5	
  mol	
  l-­‐1,	
  λex	
  =	
  265	
  nm):	
  λem	
  =	
  590	
  nm.	
  Quantum	
  yield	
  (MeCN,	
  degassed	
  
with	
   argon,	
   λex	
   =	
   250	
  nm,	
   integration	
   range:	
   510	
   –	
   800	
  nm):	
   0.083.	
  Elem.	
  Anal.	
   calcd.	
   For	
  
C64H36BF24IrN4·∙2CH3OH	
   (1584.07)	
   C	
   50.04,	
   H	
   2.80,	
   N,	
   3.54;	
   found	
   C	
   50.01,	
   H	
   2.81,	
   N	
   3.70.	
  
Electrochemistry:	
  E1ox:	
  +0.92	
  V/+0.83	
  V,	
  E1red:	
  -­‐1.81	
  V/-­‐1.75	
  V,	
  E2red:	
  -­‐2.47	
  V/ir.	
  
	
   	
   Different	
  sized	
  anions	
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4 Shifting	
  the	
  emission	
  maximum	
  towards	
  the	
  blue	
  region	
  of	
  
the	
  visible	
  spectrum	
  
4.1 Introduction	
  
Starting	
   from	
  the	
   iridium	
  complex	
   (e.g.	
   [Ir(ppy)2(bpy)][PF6],	
   see	
  Chapter	
  2),	
   the	
  aim	
  was	
  to	
  
widen	
  the	
  bandgap	
  between	
  the	
  HOMO	
  and	
  LUMO	
  levels,	
  in	
  order	
  to	
  blue-­‐shift	
  the	
  emission	
  
maximum.	
  As	
  mentioned	
  before	
  (see	
  Section	
  1.9),	
  in	
  a	
  cationic	
  iridium(III)	
  complex	
  this	
  can	
  
be	
  achieved	
  by	
  changing	
  either	
  or	
  both	
  the	
  cyclometallating	
  C^N	
  ligand,	
  where	
  the	
  HOMO	
  is	
  
localized,	
  and	
  the	
  ancillary	
  N^N	
  ligand,	
  which	
  changes	
  the	
  LUMO	
  of	
  an	
  iridium(III)	
  complex.1	
  	
  
To	
  increase	
  the	
  band	
  gap	
  between	
  the	
  HOMO	
  and	
  LUMO,	
  the	
  HOMO	
  needs	
  to	
  be	
  stabilized,	
  
thus	
   lowering	
   its	
   energy	
   level,	
   and/or	
   the	
   LUMO	
   needs	
   to	
   be	
   destabilized,	
   i.e.	
   raising	
   its	
  
energy	
  level.	
  To	
  stabilize	
  the	
  HOMO,	
  electron-­‐withdrawing	
  substituents	
  such	
  as	
  -­‐F	
  or	
  -­‐CF3	
  are	
  
widely	
  used.	
  To	
  destabilize	
   the	
  LUMO,	
  electron-­‐donating	
  substituents	
   such	
  as	
   -­‐N(CH3)2	
  are	
  
attached	
  on	
  the	
  ancillary	
  ligand.1,	
  2,	
  3,	
  4	
  
In	
   this	
   chapter,	
   electron-­‐donating	
   tBu	
   and	
   NMe2	
   substituents	
   on	
   the	
   ancillary	
   ligand	
   and	
  
electron-­‐withdrawing	
  fluorine	
  atoms	
  on	
  the	
  cyclometallating	
   ligands	
  have	
  been	
   introduced	
  
into	
  iridium(III)	
  complexes,	
  in	
  order	
  to	
  shift	
  the	
  emission	
  maximum	
  towards	
  the	
  blue	
  region	
  
of	
  the	
  visible	
  spectrum.	
  	
  
	
  
4.2 Results	
  and	
  discussion	
  
The	
   four	
   complexes	
   [Ir(dfppz)2(N^N)][PF6]	
   (N^N	
   =	
   pbpy,	
   1,	
   2,	
   3)	
   were	
   prepared	
   by	
   the	
  
established	
   methodology5	
   of	
   treating	
   a	
   dichlorido	
   bridged	
   iridium(III)	
   dimer	
   with	
   two	
  
equivalents	
   of	
   an	
   N^N	
   ligand.	
   The	
   reactions	
   were	
   performed	
   in	
   a	
   microwave	
   reactor	
  
followed	
  by	
  precipitation	
  with	
  ammonium	
  hexafluoridophosphate,	
  and	
  the	
  purification	
  was	
  
done	
  by	
  column	
  chromatography.	
  
	
  
Scheme	
   4.1	
   Syntheses	
   of	
   the	
   complexes	
   described	
   in	
   this	
   section.	
   Conditions:	
   (i)	
   ligand	
   pbpy,	
   1,	
   2	
   or	
   3,	
   MeOH,	
  
microwave,	
  2	
  h,	
  120	
  °C;	
  (ii)	
  [NH4][PF6].	
  
	
   	
   Blue	
  emitters	
  
55	
  
	
  
The	
  yields	
  ranged	
  from	
  45%	
  for	
  [Ir(dfppz)2(3)][PF6]	
  to	
  71%	
  for	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  
pbpy	
   and	
   1).	
   The	
   ESI	
   mass	
   spectrum	
   of	
   each	
   of	
   the	
   complexes	
   showed	
   a	
   peak	
   that	
   was	
  
assigned	
  to	
  the	
  [M	
  –	
  PF6]+	
  ion	
  and	
  the	
  observed	
  isotope	
  patterns	
  were	
  in	
  accord	
  with	
  those	
  
simulated.	
   The	
   elemental	
   analyses	
   could	
   be	
   resolved	
   by	
   the	
   addition	
   of	
   0.25	
   to	
   1	
   solvent	
  
molecules.	
  	
  
Each	
   of	
   the	
   [Ir2(dfppz)4Cl2],	
   [Ir(dfppz)2(2)][PF6]	
   and	
   [Ir(dfppz)2(3)][PF6]	
   contains	
   a	
   C2	
   axis.	
  
Therefore	
   the	
   two	
   cyclometallating	
   ligands	
   are	
   equivalent	
   in	
   NMR,	
   whereas	
   in	
  
[Ir(dfppz)2(pbpy)][PF6]	
  and	
   [Ir(dfppz)2(1)][PF6]	
   the	
  N^N	
   ligand	
  has	
  only	
  one	
  pendant	
  phenyl	
  
ring,	
   making	
   it	
   asymmetric	
   and	
   therefore	
   the	
   two	
   cyclometallating	
   ligands	
   are	
   non-­‐
equivalent,	
   the	
   ring	
   labelling	
   has	
   been	
   adopted	
   to	
   allow	
   direct	
   comparison	
   of	
   the	
  
corresponding	
  atoms	
  (see	
  Scheme	
  4.2	
  and	
  Table	
  4.1).	
  	
  
	
  
Scheme	
  4.2	
  Structures	
  of	
  the	
  complexes	
  with	
  ring	
  labelling	
  and	
  atom	
  numbering	
  for	
  NMR	
  spectroscopic	
  assignments.	
  
The	
  NMR	
  spectroscopic	
  assignments	
  were	
  done	
  with	
  routine	
  2D	
  techniques	
  (COSY,	
  NOESY,	
  
HMBC	
  and	
  HMQC),	
  in	
  a	
  similar	
  manner	
  to	
  the	
  assignment	
  of	
  the	
  spectrum	
  for	
  the	
  compound	
  
[Ir(ppy)2(tpy)][PF6]	
  (see	
  Section	
  5.3).	
  A	
  good	
  starting	
  point	
  for	
  the	
  NMR	
  assignment	
  of	
  these	
  
four	
   new	
   complexes	
   was	
   the	
   dimer.	
   Although	
   this	
   dimer	
   has	
   been	
   used	
   on	
   numerous	
  
Chapter	
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occasions6,	
  7,	
  8,	
  9,	
  10,	
  11,	
  12,	
  13,	
  14,	
  15,	
  16	
  full	
  assignment	
  of	
  the	
  13C	
  NMR	
  spectrum	
  was	
  missing	
  in	
  the	
  
literature	
  prior	
  to	
  this	
  work	
  being	
  carried	
  out.	
  Therefore,	
  these	
  data	
  are	
  included	
  in	
  	
  
Table	
  4.1.	
  	
  
Table	
   4.1	
   13C	
   NMR	
   spectroscopic	
   data	
   (in	
   ppm,	
   126	
  MHz,	
   CD2Cl2,	
   298	
   K,	
   TMS)	
   for	
   the	
   precursor	
   dimer	
   and	
   the	
   four	
  
complexes,	
  assigned	
  using	
  low	
  temperature	
  HMQC	
  and	
  HMBC	
  spectra.	
  Coupling	
  constants	
  are	
  in	
  Hz.	
  
Compound	
   A1	
   A2	
   A3	
   A4	
   A5	
   A6	
   B3	
   B4	
   B5	
   	
  
[Ir2(dfppz)4Cl2]	
   115.0	
   128.0	
   149.2	
  
JCF	
  256	
  
98.8	
   159.5	
  
JCF	
  249	
  
115.1	
   132.3	
  
	
  
107.9	
   140.7	
   	
  
[Ir(dfppz)2(pbpy)][PF6]	
   132.8/	
  
136.7a	
  
126.5	
   148.3	
  
JCF	
  256	
  
99.7	
   160.0	
  
JCF	
  256	
  
114.1	
   131.7	
   108.9	
   137.4	
   	
  
[Ir(dfppz)2(1)][PF6]	
   134.2/	
  
138.1a	
  
127.4	
   149.4	
  
JCF	
  254	
  
100.3	
   160.8	
  
JCF	
  248	
  
114.8	
   132.3	
   109.8	
   138.5	
   	
  
[Ir(dfppz)2(2)][PF6]	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
[Ir(dfppz)2(3)][PF6]	
   139.2
a	
   128.0	
   148.0	
  
JCF	
  242	
  
99.1	
   160.8	
  
JCF	
  228	
  
115.8	
   131.8	
   108.9	
   138.1	
   	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   C1	
   C2	
   C3	
   C4	
   C5	
   C6	
   D3	
   D4	
   D5	
   	
  
[Ir(dfppz)2(pbpy)][PF6]	
   132.8/	
  
136.7	
  
126.0	
   147.9	
  
JCF	
  256	
  
98.0	
   159.1	
  
JCF	
  260	
  
114.3	
   131.4	
   108.9	
   138.3	
   	
  
[Ir(dfppz)2(1)][PF6]	
   134.2/	
  
138.1	
  
127.0	
   149.0	
  
JCF	
  251	
  
98.7	
   160.1	
  
JCF	
  245	
  
115.2	
   132.3	
   109.7	
   139.0	
   	
  
[Ir(dfppz)2(2)][PF6]	
   133.7
a	
   124.9	
   147.2	
  
JCF	
  254	
  
98.2	
   158.5	
  
JCF	
  252	
  
113.6	
   131.7	
   108.7	
   138.9	
   	
  
[Ir(dfppz)2(3)][PF6]	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   E2	
   E3	
   E4	
   E5	
   E6	
   F2	
   F3	
   F4	
   F5	
   F6	
  
[Ir(dfppz)2(pbpy)][PF6]	
   157.2	
   124.9	
   127.5	
   140.0	
   150.1	
   164.2	
   122.7	
   140.2	
   129.1	
   165.6	
  
[Ir(dfppz)2(1)][PF6]	
   157.7	
   122.4	
   165.7	
   125.8	
   150.5	
   158.3	
   120.4	
   165.9	
   127.2	
   166.3	
  
[Ir(dfppz)2(2)][PF6]	
   	
   	
   	
   	
   	
   157.9	
   120.6	
   163.9	
   127.0	
   164.4	
  
[Ir(dfppz)2(3)][PF6]	
   149.3	
   105.9	
   156.3	
   109.4	
   149.8	
   	
   	
   	
   	
   	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   G1	
   G2/G6	
   G3/G5	
   G4	
   Me	
   CtBu	
   	
   	
   	
   	
  
[Ir(dfppz)2(pbpy)][PF6]	
   137.8	
   126.9/	
  
127.3	
  
127.2/	
  
128.0	
  
129.3	
   	
   	
   	
   	
   	
   	
  
[Ir(dfppz)2(1)][PF6]	
   139.1	
   128.0/	
  
128.5	
  
128.0/	
  
129.0	
  
130.2	
   30.8/	
  
30.7	
  
36.45/	
  
36.40	
  	
  
	
   	
   	
   	
  
[Ir(dfppz)2(2)][PF6]	
   	
  
	
   	
   	
   30.0	
   35.7	
   	
   	
   	
   	
  
[Ir(dfppz)2(3)][PF6]	
   138.2	
   126.6/	
  
127.3	
  
127.3/	
  
127.4	
  
128.5	
   40.0	
   	
   	
   	
   	
   	
  
	
  
aFor	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  pbpy,	
  1,	
  2,	
  3),	
  signal	
  for	
  C
A1	
  only	
  resolved	
  in	
  151	
  MHz	
  13C	
  NMR	
  spectra	
  (298	
  K).	
  
	
  
	
  
Table	
  4.1	
  indicates	
  that	
  there	
  are	
  correlations	
  between	
  the	
  chemical	
  shifts	
  for	
  a	
  given	
  carbon	
  
atom	
   (e.g.	
   A2	
   or	
   A3)	
   across	
   the	
   series	
   of	
   compounds.	
   The	
   cyclometallating	
   carbon	
   A1	
   is	
  
	
   	
   Blue	
  emitters	
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strongly	
   low-­‐field	
   shifted	
   after	
   complexation	
   with	
   an	
   N^N	
   ligand.	
   In	
   the	
   dimer	
  
[Ir2(dfppz)4Cl2],	
   carbon	
   A1	
   lies	
   trans	
   to	
   a	
   chlorine	
   atom,	
   whereas	
   after	
   complexation	
   the	
  
nitrogen	
  of	
  the	
  bpy	
  ligand	
  is	
  trans	
  to	
  carbon	
  A1.	
  The	
  resonance	
  of	
  this	
  carbon	
  shifts	
  from	
  δ	
  
115.0	
  ppm	
  to	
  δ	
  139.2	
  –	
  132.8	
  ppm.	
  For	
  [Ir(dfppz)2(pbpy)][PF6]	
  and	
  [Ir(dfppz)2(1)][PF6],	
  where	
  
the	
   two	
   cyclometallating	
   C^N	
   ligands	
   are	
   non-­‐equivalent,	
   NOESY	
   cross	
   peaks	
   helped	
   to	
  
distinguish	
  between	
  pairs	
  of	
  rings	
  A	
  and	
  C,	
  and	
  B	
  and	
  D.	
  The	
  NOESY	
  spectrum	
  shows	
  cross	
  
peaks	
  between	
  the	
  pair	
  of	
  protons	
  A6	
  and	
  E6,	
  A6	
  and	
  D5,	
  and	
  C6	
  and	
  B5,	
  respectively.	
  	
  
In	
   [Ir(dfppz)2(pbpy)][PF6],	
   [Ir(dfppz)2(1)][PF6]	
   and	
   [Ir(dfppz)2(2)][PF6]	
   the	
   pendant	
   phenyl	
  
rings	
   in	
   the	
  bpy	
   ligands	
  undergo	
  hindered	
   rotation	
  on	
   the	
  NMR	
   timescale	
   at	
   298	
  K.	
  Upon	
  
cooling	
   the	
   sample	
   down	
   to	
   210	
   K,	
   the	
   broad	
   signals	
   start	
   to	
   split	
   to	
   show	
   two	
   separate	
  
signals	
  for	
  protons	
  G2	
  and	
  G6,	
  and	
  G3	
  and	
  G4,	
  respectively.	
  The	
  500	
  MHz	
  1H	
  NMR	
  spectrum	
  
of	
  a	
  CD2Cl2	
  solution	
  of	
  [Ir(dfppz)2(pbpy)][PF6]	
  at	
  210	
  K	
  shows	
  signals	
  at	
  δ	
  7.14	
  and	
  5.85	
  ppm	
  
(d,	
  J	
  =	
  7.6	
  Hz)	
  from	
  protons	
  G2/G6	
  and	
  at	
  δ	
  7.12	
  and	
  6.79	
  ppm	
  from	
  protons	
  G3/G5.	
  At	
  298	
  
K,	
  the	
  signals	
  G3/G5	
  coalesce	
  to	
  a	
  broad	
  signal	
  (FWHM	
  ≈	
  200	
  Hz)	
  centred	
  at	
  δ	
  6.96	
  ppm.	
  The	
  
signals	
  of	
  protons	
  G2/G6	
  are	
  still	
  not	
  fully	
  collapsed	
  giving	
  rise	
  to	
  two	
  very	
  broad	
  peaks,	
  one	
  
centred	
  at	
  δ	
  6.0	
  ppm	
  while	
  the	
  second	
  signal	
  is	
  hidden	
  under	
  other	
  signals	
  at	
  approximately	
  
δ	
  7.00	
  ppm.	
  	
  
Figure	
  4.1	
  depicts	
  the	
  500	
  MHz	
  1H	
  NMR	
  spectrum	
  of	
  a	
  CD2Cl2	
  solution	
  of	
  [Ir(dfppz)2(2)][PF6]	
  
at	
   various	
   temperatures.	
   At	
   298	
   K,	
   broad	
   signals	
   at	
   δ	
   6.94	
   and	
   6.64	
   ppm	
   arise	
   from	
   the	
  
coalescence	
   of	
   signals	
   for	
   pairs	
   of	
   resonances	
   for	
   HG3/G5	
   and	
   HG2/G6	
   which	
   are	
   observed,	
  
respectively,	
  at	
  δ	
  7.08	
  and	
  6.75	
  ppm	
  and	
  δ	
  7.05	
  and	
  6.03	
  ppm	
  at	
  210	
  K	
  (Figure	
  4.1).	
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Figure	
  4.1	
  500	
  MHz	
  1H	
  NMR	
  spectra	
  of	
  [Ir(dfppz)2(2)][PF6]	
  in	
  CD2Cl2	
  at	
  a)	
  298	
  K	
  and	
  b)	
  210	
  K.	
  The	
  signal	
  (δ	
  1.43	
  ppm)	
  for	
  
the	
  tBu	
  groups	
  is	
  not	
  shown.	
  Signals	
  *	
  =	
  residual	
  CH2Cl2	
  and	
  CDHCl2.	
  c)	
  Expansion	
  of	
  part	
  of	
  the	
  spectrum	
  shown	
  in	
  part	
  b)	
  
showing	
  the	
  ring	
  G	
  proton	
  signals.	
  
In	
   [Ir(dfppz)2(1)][PF6]	
   the	
   additional	
   tBu	
   substituents	
   have	
   little	
   effect	
   on	
   the	
   dynamic	
  
process,	
  because	
  the	
  substituents	
  are	
  on	
  the	
  periphery	
  of	
  the	
  complex	
  and	
  do	
  not	
  affect	
  the	
  
rotation	
  of	
  the	
  phenyl	
  ring.	
  	
  
In	
   contrast	
   to	
   [Ir(ppy)2(tpy)][PF6]	
   (see	
   Section	
   5.3)	
   there	
   are	
   fluorine	
   atoms	
   on	
   the	
   C^N	
  
ligands	
  in	
  the	
  four	
  complexes	
  discussed	
  in	
  this	
  chapter	
  and	
  therefore	
  19F	
  NMR	
  spectra	
  were	
  
recorded	
  for	
  the	
  four	
  complexes	
  in	
  CD2Cl2	
  solution.	
  Starting	
  with	
  the	
  symmetric	
  compounds	
  
[Ir(dfppz)2(2)][PF6]	
   and	
   [Ir(dfppz)2(3)][PF6],	
   the	
   signals	
   could	
   be	
   assigned.	
   In	
  
[Ir(dfppz)2(2)][PF6]	
   the	
  proton	
  decoupled	
  spectrum	
  shows	
  a	
  doublet	
  at	
  δ	
   -­‐73.7	
  ppm,	
  which	
  
was	
  assigned	
  to	
  the	
  [PF6]-­‐	
  anion	
  (JPF	
  =	
  711	
  Hz),	
  and	
  two	
  more	
  doublets	
  at	
  δ	
  -­‐125.5	
  and	
  -­‐113.7	
  
ppm,	
  JFF	
  =	
  5.9	
  Hz.	
   [Ir(dfppz)2(3)][PF6]	
  show	
  very	
  similar	
  signals.	
  The	
  proton	
  coupled	
  spectra	
  
show	
  the	
  further	
  splitting	
  of	
  the	
  signal	
  at	
  δ	
  -­‐125.5	
  and	
  -­‐113.7	
  ppm	
  to	
  a	
  doublet	
  of	
  doublets,	
  
and	
   triplet	
  of	
  doublets,	
   respectively.	
   The	
   signal	
   at	
   lower	
   frequency	
   (δ	
   -­‐125	
  ppm)	
   could	
  be	
  
assigned	
  to	
  fluorine	
  C3	
  (A3	
  in	
  [Ir(dfppz)2(3)][PF6])	
  and	
  the	
  higher	
  frequency	
  signal	
  to	
  fluorine	
  
C5	
  (A5	
  in	
  [Ir(dfppz)2(3)][PF6]).	
  	
  
	
  
4.3 Solid	
  state	
  structures	
  
Several	
   new	
   X-­‐ray	
   structures	
   were	
   solved	
   during	
   the	
   work	
   on	
   these	
   complexes:	
  
[Ir2(dfppz)4Cl2],	
   [Ir(dfppz)2(pbpy)][PF6],	
   [Ir(dfppz)2(2)][PF6],	
   ligand	
   2	
   and	
   [Ir(dfppz)2(3)][PF6].	
  
	
   	
   Blue	
  emitters	
  
59	
  
	
  
Different	
  crystal	
  growing	
  set-­‐ups	
  have	
  been	
  tried	
  and	
  several	
  led	
  to	
  crystals	
  that	
  were	
  used	
  
for	
  X-­‐ray	
  structure	
  determination.	
  	
  
	
  
4.3.1 [Ir2(dfppz)4(µ-­‐Cl)2]	
  
Single	
  crystals	
  of	
  the	
  iridium(III)	
  dimer	
  were	
  grown	
  by	
  slow	
  evaporation	
  of	
  a	
  CH2Cl2	
  solution	
  
of	
   the	
  complex	
  at	
   room	
  temperature.	
  The	
  dimer	
  crystallizes	
  as	
   [Ir2(dfppz)4(μ-­‐Cl)2].CH2Cl2	
   in	
  
the	
   centrosymmetric	
   space	
   group	
   P-­‐1.	
   In	
   the	
   unit	
   cell	
   there	
   are	
   two	
   enantiomers	
   of	
   the	
  
dimer	
   present:	
   the	
   Λ,Λ-­‐	
   and	
   the	
   Δ,Δ-­‐form	
  with	
   two	
   CH2Cl2	
   solvent	
  molecules.	
   As	
   seen	
   in	
  
other	
   similar	
   compounds,	
   the	
  N-­‐donors	
  of	
   the	
   two	
  cyclometallating	
   ligands	
  are	
   in	
  a	
   trans-­‐
arrangement.	
   The	
   bridging	
   chlorine	
   atoms	
   therefore	
   are	
   trans	
   to	
   the	
   C-­‐atoms	
   of	
   the	
   2,4-­‐
difluorophenyl-­‐rings.	
   The	
   two	
   iridium	
   atoms	
   are	
   crystallographically	
   independent	
   and	
   the	
  
bond	
  parameters	
  of	
  the	
  iridium	
  coordination	
  sphere	
  are	
  given	
  in	
  the	
  caption	
  of	
  Figure	
  4.2.	
  
	
  
Figure	
  4.2	
  Structure	
  of	
  Λ,Λ-­‐[Ir2(dfppz)4(μ-­‐Cl)2]	
  in	
  [Ir2(dfppz)4(μ-­‐Cl)2]·∙CH2Cl2	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
  level;	
  
H	
  atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1–C14	
  =	
  1.982(6),	
  Ir1–C5	
  =	
  1.999(5),	
  Ir1–N1	
  =	
  2.028(5),	
  
Ir1–N3	
  =	
  2.032(5),	
   Ir1–Cl2	
  =	
  2.4870(15),	
   Ir1–Cl1	
  =	
  2.4962(17),	
   Ir2–C32	
  =	
  1.989(5),	
   Ir2–C23	
  =	
  2.000(6),	
   Ir2–N5	
  =	
  2.014(5),	
  
Ir2–N7	
  =	
  2.022(5),	
   Ir2–Cl2	
  =	
  2.4856(17),	
   Ir2–Cl1	
  =	
  2.4951(15);	
   C5–Ir1–N1	
  =	
  80.5(2),	
   C14–Ir1–N3	
  =	
  80.7(3),	
   Cl2–Ir1–Cl1	
  =	
  
83.39(5),	
  Cl2–Ir2–Cl1	
  =	
  83.45(5),	
  C23–Ir2–N5	
  =	
  80.8(2),	
  C32–Ir2–N7	
  =	
  80.6(2).	
  	
  
The	
  major	
   interactions	
   in	
   the	
   crystal	
   packing	
   are	
   the	
   face-­‐to-­‐face	
   π-­‐stacking	
   between	
   the	
  
difluorophenyl	
  rings	
  in	
  adjacent	
  molecules.	
  There	
  are	
  two	
  different	
  packing	
  interactions.	
  The	
  
main	
  interaction	
  is	
  between	
  rings	
  containing	
  atoms	
  C5	
  and	
  C32i	
  (symmetry	
  code	
  i	
  =	
  1	
  +	
  x,	
  y,	
  
z).	
  The	
  planes	
  through	
  these	
  rings	
  subtend	
  an	
  angle	
  of	
  2.6°	
  and	
  the	
  inter-­‐centroid	
  distance	
  is	
  
3.68	
  Å.	
  These	
  contacts	
   lead	
  to	
  chains	
  of	
  molecules	
  that	
  assemble	
  along	
  the	
  a-­‐axis	
  (primary	
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stacking	
  interactions	
  in	
  Figure	
  4.3).	
  Between	
  the	
  chains	
  there	
  are	
  additional	
  face-­‐to-­‐face	
  π-­‐
stacking	
  interactions	
  which	
  are	
  less	
  efficient	
  (secondary	
  stacking	
  interactions	
  in	
  Figure	
  4.3).	
  
These	
   interactions	
   are	
   between	
   the	
   difluorophenyl	
   rings	
   containing	
   atoms	
   C14	
   and	
   C23ii	
  
(symmetry	
  code	
   ii	
  =	
   -­‐1	
  +	
  x,	
  1	
  +	
  y,	
   z).	
  The	
  angle	
  between	
  the	
   least	
   squares	
  planes	
   is	
  bigger	
  
(8.2°)	
   and	
   the	
   inter-­‐centroid	
   distance	
   further	
   (4.26	
   Å),	
   making	
   them	
   less	
   efficient.	
   As	
  
discussed	
  by	
  Janiak17	
  this	
  stacking	
  interaction	
  is	
  at	
  the	
  extreme	
  end	
  of	
  the	
  range.	
  The	
  solvent	
  
molecules	
   in	
   [Ir2(dfppz)4(μ-­‐Cl)2].CH2Cl2	
   are	
   ordered	
   and	
   participate	
   in	
   C...Cl	
   and	
   CH-­‐π	
  
contacts,	
  whereas	
  the	
  pyrazole	
  rings	
  only	
  participate	
  in	
  intermolecular	
  CH-­‐F	
  interactions.	
  
	
  
Figure	
  4.3	
  Assembly	
  of	
   chains	
  of	
  Λ,Λ-­‐[Ir2(dfppz)4(μ-­‐Cl)2]	
  molecules.	
   Each	
   chain	
   runs	
  parallel	
   the	
  a-­‐axis	
   (horizontal)	
   and	
  
secondary	
  stacking	
  interactions	
  lead	
  to	
  sheets	
  in	
  the	
  ab-­‐plane.	
  	
  
	
  
4.3.2 [Ir(dfppz)2(pbpy)][PF6]	
  
From	
   a	
   CH2Cl2	
   solution	
   of	
   the	
   complex,	
   X-­‐ray	
   quality	
   crystals	
   of	
   4{[Ir(dfppz)2(pbpy)][PF6]}.	
  
3CH2Cl2	
  were	
  grown	
  by	
  solvent	
  evaporation.	
  The	
  complex	
  crystallizes	
  in	
  the	
  centrosymmetric	
  
P21/n	
   space	
   group	
   with	
   both	
   enantiomers	
   of	
   [Ir(dfppz)2(pbpy)]+	
   in	
   the	
   unit	
   cell	
   and	
   the	
  
structure	
  of	
   the	
  Λ-­‐[Ir(dfppz)2(pbpy)]+	
  cation	
   is	
  depicted	
   in	
  Figure	
  4.4.	
  The	
  atom	
   Ir1	
   is	
   in	
  an	
  
octahedral	
  environment	
  and	
  the	
  N-­‐donors	
  of	
  the	
  two	
  cyclometallating	
  ligands	
  are	
  in	
  a	
  trans-­‐
arrangement,	
  as	
  expected	
  and	
  already	
  seen	
  in	
  the	
  structure	
  of	
  the	
  precursor.	
  The	
  N-­‐atoms	
  
of	
   the	
   bpy-­‐rings	
   are	
   trans	
   to	
   the	
   C-­‐atoms	
   of	
   the	
   2,4-­‐difluorophenyl	
   rings.	
   Both	
  
cyclometallating	
  C^N	
  ligands	
  are	
  almost	
  planar.	
  This	
  is	
  in	
  contrast	
  to	
  the	
  bpy	
  ligand	
  with	
  an	
  
angle	
   between	
   the	
   least	
   squares	
   planes	
   of	
   the	
   two	
   pyridine	
   rings	
   of	
   19.5°.	
   The	
   pendant	
  
phenyl	
  ring	
  of	
  the	
  bpy	
   ligand	
   is	
   twisted	
  through	
  57.0°	
  with	
  respect	
  to	
  the	
  bonded	
  pyridine	
  
ring.	
  This	
  non-­‐planarity	
  allows	
  the	
  free	
  phenyl	
  ring	
  to	
  undergo	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐
stacking	
  with	
  one	
  of	
  the	
  difluorophenyl	
  rings	
  of	
  one	
  of	
  the	
  C^N	
   ligands.	
  The	
   inter-­‐centroid	
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separation	
  is	
  3.44	
  Å	
  and	
  the	
  angle	
  between	
  the	
  least	
  squares	
  planes	
  is	
  5.4°.	
  This	
  makes	
  it	
  a	
  
highly	
  efficient	
  interaction.	
  	
  
	
  
Figure	
  4.4	
  Structure	
  of	
  the	
  Λ-­‐[Ir(dfppz)2(pbpy)]
+	
  cation	
  in	
  4{[Ir(dfppz)2(pbpy)][PF6]}.3CH2Cl2	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  
probability	
   level;	
  H	
  atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
   Ir1–N3	
  =	
  2.021(7),	
   Ir1–N5	
  =	
  2.022(6),	
  
Ir1–C30	
  =	
  2.031(8),	
   Ir1–C21	
  =	
  2.035(8),	
   Ir1–N1	
  =	
  2.140(7),	
   Ir1–N2	
  =	
  2.191(6),	
  N3–N4	
  =	
  1.375(10),	
  N5–N6	
  =	
  1.357(9);	
  N1–
Ir1–N2	
  =	
  76.1(2),	
  N3–Ir1–C21	
  =	
  79.6(3),	
  N5–Ir1–C30	
  =	
  80.2(3).	
  
A	
  space-­‐filling	
  representation	
  of	
  the	
  π-­‐stacking	
  interaction	
  is	
  depicted	
  in	
  Figure	
  4.5.	
  Parallel	
  
to	
   the	
   horizontal	
   b-­‐axis	
   there	
   are	
   chains	
   of	
   molecules	
   of	
   the	
   same	
   handedness,	
   while	
  
adjacent	
  chains	
  have	
  the	
  opposite	
  chirality.	
  These	
  chains	
  are	
  supported	
  by	
  CH...F	
  hydrogen	
  
bonds	
   (C26H26a...F3i	
   =	
   2.46	
  Å,	
   C26...F3i	
   =	
   3.142(9)	
   Å,	
   C26	
   –	
  H26a	
   –	
   F3i	
   =	
   129°;	
   symmetry	
  
code	
   i	
   =	
   x,	
   1+y,	
   z).	
   The	
   [PF6]-­‐	
   anion	
   and	
   the	
   solvent	
  molecule	
   are	
   ordered	
   and	
   the	
   crystal	
  
packing	
  is	
  dominated	
  by	
  the	
  following	
  contacts:	
  CH...Fanion,	
  CH...Fligand,	
  Cl...πligand,	
  F...	
  πligand.	
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Figure	
  4.5	
  Association	
  of	
  [Ir(dfppz)2(pbpy)]
+	
  cations	
  of	
  the	
  same	
  handedness	
  into	
  chains	
  and	
  intra-­‐cation	
  face-­‐to-­‐face	
  π-­‐
stacking	
  (see	
  text).	
  
	
  
4.3.3 Ligand	
  2	
  and	
  [Ir(dfppz)2(2)][PF6]	
  
Ligand	
   2	
   and	
   [Ir(dfppz)2(2)][PF6]	
   have	
   been	
   structurally	
   characterized.	
   Crystals	
   of	
   the	
   free	
  
ligand	
  2	
   (4,4’-­‐di-­‐tert-­‐butyl-­‐6,6’-­‐diphenyl-­‐2,2’-­‐bipyridine)	
  were	
   isolated	
   during	
   the	
   synthesis	
  
of	
  the	
  complex.	
  The	
  molecule	
  crystallizes	
  in	
  the	
  centrosymmetric	
  C2/c	
  space	
  group.	
  The	
  bpy	
  
domain	
   is	
   planar	
   and	
   exhibits	
   a	
   trans-­‐arrangement	
   (Figure	
   4.6).	
   The	
   bond	
   distances	
   and	
  
bond	
   angles	
   are	
   typical.22	
   The	
   angle	
   between	
   the	
   least	
   squares	
   planes	
   of	
   the	
   phenyl	
   and	
  
pyridine	
  rings	
  is	
  24.6°.	
  	
  
	
  
Figure	
  4.6	
  Structure	
  of	
  ligand	
  2	
  (4,4’-­‐di-­‐tert-­‐butyl-­‐6,6’-­‐diphenyl-­‐2,2’-­‐bipyridine)	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
  
level;	
  H	
  atoms	
  omitted.	
  Symmetry	
  code	
  i	
  =	
  1/2	
  –	
  x,	
  1/2	
  –	
  y,	
  1	
  –	
  z.	
  Selected	
  bond	
  lengths	
  (in	
  Å):	
  C1–C1i	
  =	
  1.4943(10),	
  C1–
N1	
  =	
  1.3412(7),	
  C5–N1	
  =	
  1.3414(7),	
  C5–C6	
  =	
  1.4837(7),	
  C3–C12	
  =	
  1.5297(7).	
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The	
  pyridine	
  rings	
  of	
  the	
  free	
  ligand	
  undergo	
  face-­‐to-­‐face	
  π-­‐π	
  stacking	
  in	
  an	
  offset	
  manner.	
  
The	
   pyridine	
   ring	
   containing	
   atom	
   N1	
   stacks	
   with	
   pyridine	
   ring	
   containing	
   atom	
   N1ii	
  
(symmetry	
  code	
  ii	
  =	
  ½	
  –	
  x,	
  3/2	
  –	
  y,	
  1	
  –	
  z).	
  The	
  angle	
  between	
  the	
  planes	
  of	
  these	
  rings	
  is	
  0°	
  
and	
   the	
   inter-­‐plane	
   and	
   inter-­‐centroid	
   separations	
   are	
   3.79	
   and	
   3.86	
   Å,	
   respectively.	
  
Therefore	
  these	
  packing	
  interactions	
  are	
  very	
  efficient.17	
  	
  
Figure	
  4.7	
  Packing	
  of	
  molecules	
  of	
  the	
  free	
  ligand	
  2,	
  with	
  the	
  stacking	
  interactions	
  in	
  the	
  space-­‐filling	
  representation.	
  
Crystals	
   of	
   the	
   complex	
   were	
   grown	
   from	
   a	
   CH2Cl2	
   solution	
   by	
   evaporation.	
  
[Ir(dfppz)2(2)][PF6].CH2Cl2	
  crystallizes	
  in	
  the	
  P21/c	
  space	
  group	
  with	
  both	
  enantiomers	
  of	
  the	
  
complex	
  present	
  in	
  the	
  unit	
  cell.	
  Figure	
  4.8	
  shows	
  the	
  Δ-­‐form	
  of	
  the	
  cation.	
  The	
  iridium	
  is	
  in	
  
an	
   octahedral	
   coordination	
   sphere	
   and	
   the	
   bond	
   parameters	
   are	
   similar	
   to	
  
[Ir(dfppz)2(pbpy)][PF6].	
   The	
   C^N	
   ligands	
   are	
   almost	
   planar,	
   but	
   the	
   bpy	
   ligand	
   is	
   twisted,	
  
analogous	
  to	
  [Ir(dfppz)2(pbpy)][PF6].	
  	
  
Figure	
  4.8	
  Structure	
  of	
  the	
  Δ-­‐[Ir(dfppz)2(2)]
+	
  cation	
  in	
  [Ir(dfppz)2(2)][PF6].CH2Cl2	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
  
level;	
  H	
  atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1–N5	
  =	
  2.014(10),	
  Ir1–C35	
  =	
  2.015(13),	
  Ir1–N3	
  =	
  
2.029(9),	
  Ir1–C44	
  =	
  2.034(12),	
  Ir1–N2	
  =	
  2.183(10),	
  Ir1–N1	
  =	
  2.221(9),	
  N3–N4	
  =	
  1.372(13),	
  N5–N6	
  =	
  1.381(12);	
  N2–Ir1–N1	
  =	
  
76.4(3),	
  C35–Ir1–N3	
  =	
  79.8(4),	
  N5–Ir1–C44	
  =	
  79.2(4).	
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The	
  twisting	
  angle	
  between	
  the	
  two	
  pyridine	
  rings	
  is	
  22.0°,	
  making	
  it	
  slightly	
  greater	
  than	
  in	
  
[Ir(dfppz)2(pbpy)][PF6].	
   This	
   can	
  be	
  explained	
  by	
   the	
  presence	
  of	
   two,	
   instead	
  of	
  only	
  one,	
  
stacking	
   interactions	
   in	
   [Ir(dfppz)2(2)][PF6].	
   These	
   intra-­‐cation	
   face-­‐to-­‐face	
   π-­‐stacking	
  
interactions	
  between	
   the	
   free	
  phenyl	
   ring	
  and	
  an	
  adjacent	
  cyclometallating	
  difluorophenyl	
  
ring	
  are	
  highly	
  efficient.	
  The	
  angles	
  of	
  the	
  least	
  squares	
  planes	
  between	
  the	
  rings	
  containing	
  
C4/C38	
  and	
  C20/C47	
  are	
  3.7	
  and	
  5.0°	
  respectively	
  and	
  the	
  inter-­‐centroid	
  distances	
  are	
  3.46	
  
and	
  3.47	
  Å,	
  respectively.	
  
Figure	
   4.9	
   Packing	
   of	
   [Ir(dfppz)2(2)]
+	
   cations	
   in	
   [Ir(dfppz)2(2)][PF6].CH2Cl2.	
   Δ-­‐cations	
   are	
   shown	
   in	
   red	
   and	
   Λ-­‐cations	
   in	
  
orange.	
  
Figure	
  4.9	
  depicts	
  the	
  arrangement	
  of	
  the	
  cations	
  in	
  the	
  crystal	
  structure.	
  Due	
  to	
  the	
  intra-­‐
molecular	
   π-­‐interactions	
   between	
   the	
   pendant	
   phenyl	
   rings	
   and	
   the	
   adjacent	
  
cyclometallating	
  difluorophenyl	
  rings,	
  these	
  cations	
  are	
  assembled	
  into	
  sheets	
  parallel	
  to	
  the	
  
bc-­‐plane.	
  The	
  sheets	
  of	
  cations	
  are	
  separated	
  by	
  sheets	
  of	
  interdigitated	
  ligands.	
  
	
  The	
   [PF6]-­‐	
   anion	
   and	
   the	
   CH2Cl2	
   solvent	
  molecule	
   are	
   ordered,	
   and	
   CH...F	
   contacts	
   play	
   a	
  
dominant	
  role	
  in	
  the	
  crystal	
  packing.	
  	
  
	
  
4.3.4 [Ir(dfppz)2(3)][PF6]	
  
From	
  a	
  CH2Cl2	
  solution	
  of	
  the	
  bulk	
  material,	
  single	
  crystals	
  of	
  [Ir(dfppz)2(3)][PF6].CH2Cl2	
  were	
  
grown	
  by	
  evaporation.	
  The	
  complex	
  crystallizes	
  in	
  the	
  centrosymmetric	
  space	
  group	
  P-­‐1	
  and	
  
in	
  the	
  unit	
  cell	
  both	
  enantiomers	
  are	
  present.	
  One	
  of	
  the	
  cyclometallating	
  [dfppz]-­‐	
  ligands	
  in	
  
this	
   structure	
   is	
   disordered.	
   It	
   has	
   been	
   modelled	
   over	
   two	
   sites	
   with	
   66.2%	
   and	
   33.8%	
  
occupancies.	
   In	
   Figure	
   4.10	
   only	
   the	
   major	
   occupancy	
   sites	
   are	
   depicted.	
   The	
   bond	
  
parameters	
  of	
  the	
  octahedral	
  environment	
  of	
  the	
  iridium	
  atom	
  (Ir1)	
  are	
  as	
  expected,	
  as	
  they	
  
are	
  within	
  the	
   ligands.	
   In	
  the	
  dimethylamino	
  groups	
  of	
   the	
  bpy	
   ligand,	
   the	
  environment	
  of	
  
atoms	
  N3	
  and	
  N4	
   is	
   consistent	
  with	
   sp2	
  hybridization.	
  The	
  N-­‐C	
  bond	
   lengths	
  around	
   these	
  
nitrogen	
  atoms	
  indicate	
  conjugation	
  of	
  the	
  aromatic	
  π-­‐system	
  from	
  the	
  bpy	
  ligand	
  onto	
  the	
  
dimethylamino	
   groups.	
   In	
   the	
   structures	
   of	
   [Ir(dfppz)2(pbpy)][PF6]	
   and	
   [Ir(dfppz)2(2)][PF6],	
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the	
   trend	
   of	
   the	
   bpy	
   domain	
   to	
   twist	
  more	
   by	
   addition	
   of	
   intra-­‐molecular	
   π-­‐stacking	
   has	
  
already	
   been	
   mentioned.	
   This	
   trend	
   continues	
   within	
   the	
   structure	
   of	
   [Ir(dfppz)2(3)][PF6]	
  
with	
  angles	
  of:	
  22.0°	
  ([Ir(dfppz)2(2)][PF6],	
  two	
  phenyl	
  rings)	
  and	
  19.5°	
  ([Ir(dfppz)2(pbpy)][PF6],	
  
one	
  phenyl	
  ring).	
  For	
  [Ir(dfppz)2(3)][PF6],	
  the	
  complex	
  without	
  any	
  pendant	
  phenyl	
  rings,	
  the	
  
angle	
   between	
   the	
   planes	
   of	
   the	
   pyridine	
   rings	
   is	
   15.2°.	
   It	
   is	
   surprising	
   that	
   even	
   in	
   the	
  
absence	
   of	
   intra-­‐molecular	
   stacking	
   interactions	
   the	
   bpy	
   domain	
   is	
   non-­‐planar.	
   The	
   inter-­‐
cation	
  interactions	
  appear	
  to	
  be	
  the	
  origin	
  of	
  the	
  twisting	
  in	
  this	
  compound.	
  	
  
The	
  [PF6]-­‐	
  ion	
  is	
  ordered.	
  Similar	
  to	
  the	
  three	
  previously	
  described	
  structures	
  in	
  this	
  chapter,	
  
the	
   crystal	
   packing	
   is	
   dominated	
   by	
   CH...Fanion	
   and	
   CH...Fligand	
   contacts.	
   Contrary	
   to	
   the	
  
previously	
   described	
   structures	
   in	
   this	
   chapter,	
   the	
   CH2Cl2	
   solvent	
  molecule	
   is	
   disordered	
  
and	
  has	
  been	
  modelled	
  over	
  two	
  overlapping	
  sites	
  with	
  occupancies	
  of	
  63%	
  and	
  37%.	
  	
  
	
  
Figure	
  4.10	
  Structure	
  of	
  the	
  Δ -­‐cation	
  in	
  racemic	
  [Ir(dfppz)2(3)][PF6].CH2Cl2	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
  level;	
  
H	
  atoms	
  omitted	
  and	
  only	
  the	
  major	
  occupancy	
  sites	
  for	
  the	
  disordered	
  ligand	
  containing	
  atoms	
  N7	
  and	
  N8	
  are	
  depicted.	
  
Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1–N1	
  =	
  2.109(4),	
  Ir1–N2	
  =	
  2.115(5),	
  Ir1–N5	
  =	
  1.995(6),	
  Ir1–C28	
  =	
  2.009(11),	
  
Ir1–N7	
  =	
  2.139(9),	
  Ir1–C19	
  =	
  2.020(6),	
  C8–N4	
  =	
  1.349(7),	
  C3–N3	
  =	
  1.343(7),	
  N3–C12	
  =	
  1.452(8),	
  N3–C11	
  =	
  1.455(8),	
  N4–C13	
  
=	
  1.448(8),	
  N4–C14	
  =	
  1.455(8);	
  N1–Ir1–N2	
  =	
  76.20(18),	
  C28–Ir1–N7	
  =	
  78.4(5),	
  N5–Ir1–C19	
  =	
  80.0(2),	
  C3–N3–C12	
  =	
  120.8(5),	
  
C3–N3–C11	
  =	
  120.1(5),	
  C12–N3–C11	
  =	
  118.7(5),	
  C8–N4–C13	
  =	
  121.7(5),	
  C8–N4–C14	
  =	
  120.0(5),	
  C13–N4–C14	
  =	
  117.9(5).	
  
Crystallographic	
  data	
  for	
  all	
  compounds	
  described	
  in	
  this	
  section	
  are	
  listed	
  in	
  Table	
  4.2.	
  	
   	
  
Chapter	
  4	
  
66	
  
	
  
Table	
  4.2	
  Crystallographic	
  data	
  for	
  ligand	
  2	
  and	
  the	
  complexes	
  [Ir2(dfppz)4(µ-­‐Cl)2].CH2Cl2,	
  4{[Ir(dfppz)2(pbpy)][PF6]}	
  
.3CH2Cl2,	
  [Ir(dfppz)2(2)][PF6].CH2Cl2	
  and	
  [Ir(dfppz)2(3)][PF6].CH2Cl2.	
  
Compound	
   Ligand	
  2	
   [Ir2(dfppz)4(µ-­‐Cl)2]	
  	
  
.CH2Cl2	
  
4{[Ir(dfppz)2(pbpy)]	
  
[PF6]}.3CH2Cl2	
  
[Ir(dfppz)2(2)]	
  	
  	
  
[PF6].CH2Cl2	
  
[Ir(dfppz)2(3)][PF6]	
  	
  
.CH2Cl2	
  
Formula	
   C30H32N2	
   C37H22Cl4F8Ir2N8	
   C139H94Cl6F40Ir4N24P4	
   C49H44Cl2F10IrN6P	
   C33H30Cl2F10IrN8P	
  
Formula	
  weight	
  /	
  g	
  mol-­‐1	
   420.60	
   1256.87	
   3965.84	
   1200.99	
   1022.74	
  
Crystal	
  colour	
  and	
  habit	
   colourless	
  needle	
   yellow	
  block	
   yellow	
  block	
   yellow	
  block	
   yellow	
  block	
  
Crystal	
  system	
   monoclinic	
   triclinic	
   monoclinic	
   monoclinic	
   triclinic	
  
Space	
  group	
   C2/c	
   P–1	
   P21/n	
   P21/c	
   P–1	
  
a,	
  b,	
  c	
  /	
  Å	
   19.8624(12)	
  
6.1354(3)	
  
19.9421(13)	
  
10.753(3)	
  
12.323(4)	
  
16.058(4)	
  
16.662(5)	
  
10.561(3)	
  
19.725(6)	
  
20.8613(17)	
  
10.0629(5)	
  
25.126(2)	
  
9.5146(9)	
  
14.3727(12)	
  
14.4945(14)	
  
α,	
  β,	
  γ/	
  o	
   90	
  
106.045(5)	
  
90	
  
80.37(2)	
  
84.700(19)	
  
65.47(2)	
  
90	
  
92.00(3)	
  
90	
  
90	
  
114.381(6)	
  
90	
  
102.341(7)	
  
102.295(8)	
  
105.066(7)	
  
U	
  /	
  Å3	
   2335.6(2)	
   1907.9(9)	
   3468.9(18)	
   4804.2(6)	
   1792.4(3)	
  
Dc	
  /	
  Mg	
  m–3	
   1.196	
   2.188	
   1.898	
   1.660	
   1.895	
  
Z	
   4	
   2	
   1	
   4	
   2	
  
µ(Mo-­‐Kα)	
  /	
  mm–1	
   0.069	
   7.329	
   4.102	
   3.005	
   4.010	
  
T/	
  K	
   123	
   173	
   173	
   173	
   173	
  
Refln.	
  collected	
  (Rint)	
   87729	
  (0.052)	
   20996	
  (0.0755)	
   54439	
  (0.0696)	
   33704	
  (0.2023)	
   39217	
  (0.1096)	
  
Unique	
  refln.	
   6278	
   8332	
   7625	
   8485	
   6484	
  
Refln.	
  for	
  refinement	
   5840	
   7239	
   6628	
   6560	
   6436	
  
Parameters	
   145	
   532	
   497	
   628	
   646	
  
Threshold	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
  
R1	
  (R1	
  all	
  data)	
   0.0517	
  (0.0560)	
   0.0399	
  (0.0476)	
   0.0581	
  (0.0668)	
   0.0876	
  (0.1085)	
   0.0436	
  (	
  0.0438)	
  
wR2	
  (wR2	
  all	
  data)	
   0.0552	
  (0.0552)	
   0.0980	
  (0.1018)	
   0.1481	
  (0.1545)	
   0.2121	
  (0.2294)	
   0.1171	
  (0.1173)	
  
Goodness	
  of	
  fit	
   1.0471	
   1.098	
   1.096	
   1.067	
   1.181	
  
	
  
4.4 Photophysical	
  studies	
  of	
  complexes	
  in	
  solution	
  
The	
  photophysical	
   behaviour	
   of	
   the	
   four	
   complexes	
   has	
   been	
  measured	
   in	
   aerated	
  MeCN	
  
solutions.	
  The	
  electronic	
  absorption	
  spectra	
  of	
  [Ir(dfppz)2(pbpy)][PF6],	
  [Ir(dfppz)2(1)][PF6]	
  and	
  
[Ir(dfppz)2(2)][PF6]	
   are	
   very	
   similar,	
   as	
   can	
   be	
   seen	
   in	
   Figure	
   4.11.	
   The	
   relatively	
   intense	
  
bands	
  are	
  at	
  247	
  and	
  307	
  nm	
  ([Ir(dfppz)2(pbpy)][PF6]),	
  250	
  and	
  309	
  nm	
  ([Ir(dfppz)2(1)][PF6])	
  
and	
  235,	
  275	
  (sh),	
  306	
  and	
  318	
  nm.	
  All	
  these	
  absorptions	
  are	
  assigned	
  to	
  ligand-­‐based	
  π*	
  	
  
π	
   transitions.	
   In	
   [Ir(dfppz)2(3)][PF6]	
   the	
   NMe2	
   groups	
   extend	
   the	
   π-­‐system	
   of	
   the	
   bpy,	
  
therefore	
   an	
  enhancement	
  of	
   the	
  absorption	
   intensity	
   is	
   observed	
   compared	
   to	
   the	
  other	
  
three	
  compounds,	
  with	
  maxima	
  at	
  260,	
  287	
  and	
  352	
  nm.	
  
	
  
Figure	
  4.11	
  Absorption	
  spectra	
  of	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  pbpy,	
  1,	
  2,	
  3)	
  in	
  MeCN	
  solutions	
  (1.00	
  x	
  10
-­‐5	
  M).	
  
0 
10 
20 
30 
40 
50 
60 
70 
80 
200 250 300 350 400 
ε 
* 
10
-3
 [d
m
3  m
ol
-1
 c
m
-1
] 
Wavelength [nm] 
[Ir(dfppz)2(pbpy)][PF6] 
[Ir(dfppz)2(1)][PF6] 
[Ir(dfppz)2(2)][PF6] 
[Ir(dfppz)2(3)][PF6] 
	
   	
   Blue	
  emitters	
  
67	
  
	
  
Excitation	
   between	
   280	
   and	
   310	
   nm	
   leads	
   to	
   blue	
   emissions	
   in	
   all	
   four	
   complexes,	
   as	
  
depicted	
  in	
  Figure	
  4.12.	
  The	
  emission	
  maxima	
  are	
  at	
  517,	
  505,	
  501	
  and	
  493	
  nm,	
  with	
  a	
  broad	
  
and	
   unstructured	
   shape	
  which	
   is	
   characteristic	
   of	
   complexes	
   containing	
   a	
   combination	
   of	
  
neutral	
   diimine	
   and	
   cyclometallating	
   ligands.	
   The	
   effect	
   of	
   the	
   introduction	
   of	
   the	
  
fluorinated	
   phenyl-­‐pyrazole	
   on	
   the	
   emission	
   maximum	
   can	
   be	
   seen	
   by	
   comparing	
  
[Ir(dfppz)2(pbpy)][PF6]	
  with	
   [Ir(ppy)2(pbpy)][PF6].	
   The	
  emission	
  maximum	
  of	
   the	
   latter	
   is	
   at	
  
595	
   nm18,	
   whereas	
   the	
   former	
   one	
   emits	
   at	
   517	
   nm.	
   A	
   similar	
   blue	
   shift	
   in	
   the	
   emission	
  
spectrum	
  can	
  be	
  observed	
  on	
  going	
  from	
  [Ir(ppy)2(3)][PF6]	
   (520	
  nm	
  with	
  a	
  shoulder	
  at	
  491	
  
nm)19	
  to	
  [Ir(dfppz)2(3)][PF6]	
  (493	
  nm).	
  The	
  effect	
  of	
  exchanging	
  pyridine	
  with	
  pyrazole	
  in	
  the	
  
cyclometallating	
  ligands	
  seems	
  to	
  have	
  a	
  very	
  minor	
  effect.	
  [Ir(dfppz)2(3)][PF6]	
  emits	
  at	
  493	
  
nm	
  with	
  a	
  shoulder	
  at	
  463	
  nm	
  compared	
  to	
  [Ir(dfppz)2(3)][PF6]	
  with	
  emission	
  only	
  at	
  493	
  nm.	
  	
  
	
  
Figure	
  4.12	
  Normalized	
  emission	
  spectra	
  of	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  pbpy,	
  1,	
  2,	
  3)	
  in	
  MeCN	
  solution	
  (1.00	
  x	
  10
-­‐5	
  M,	
  
298	
  K).	
  
The	
   quantum	
   yield	
  measurements	
  were	
   performed	
   on	
  MeCN	
   solutions	
   of	
   the	
   complexes.	
  
Prior	
   to	
   measurement,	
   the	
   solutions	
   were	
   bubbled	
   with	
   argon	
   for	
   15	
   minutes.	
  
[Ir(dfppz)2(3)][PF6]	
   has	
   the	
   highest	
   quantum	
   yield	
   of	
   0.718,	
   followed	
   by	
  
[Ir(dfppz)2(pbpy)][PF6]	
  (0.491)	
  and	
  [Ir(dfppz)2(1)][PF6]	
  (0.424).	
  Compound	
  [Ir(dfppz)2(2)][PF6]	
  
with	
   the	
   two	
   intramolecular	
   π-­‐stacking	
   interactions	
   has	
   the	
   lowest	
   quantum	
   yield	
   with	
  
0.083.	
  	
  
	
  
4.5 Electrochemical	
  studies	
  
All	
  four	
  [Ir(dfppz)2(N^N)][PF6]	
  compounds	
  are	
  electrochemically	
  active.	
  The	
  four	
  compounds	
  
have	
  been	
  measured	
  in	
  MeCN	
  solutions	
  with	
  0.1	
  M	
  [nBu4N][PF6]	
  supporting	
  electrolyte	
  at	
  a	
  
scan	
  rate	
  of	
  0.1	
  V	
  s-­‐1.	
  The	
  cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  Fc/Fc+	
  are	
  presented	
  in	
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Table	
   4.3.	
   Unless	
   otherwise	
   stated,	
   the	
   electrochemical	
   processes	
   are	
   reversible	
   or	
   near-­‐
reversible.	
  For	
  all	
  four	
  complexes	
  the	
  reversible	
  or	
  quasi-­‐reversible	
  oxidation	
  between	
  +1.04	
  
to	
   +1.23	
   V	
   was	
   assigned	
   to	
   an	
   iridium-­‐centred	
   process.	
   [Ir(dfppz)2(3)][PF6]	
   shows	
   two	
  
additional	
  irreversible	
  oxidations	
  which	
  arise	
  from	
  the	
  dimethylamino	
  groups	
  forming	
  radical	
  
cations.	
   All	
   four	
   complexes	
   show	
   bpy-­‐centred	
   reversible	
   reduction	
   processes.	
   Within	
   the	
  
solvent	
   accessible	
   window	
   (to	
   -­‐3.0	
   V)	
   no	
   reduction	
   processes	
   on	
   the	
   [dfppz]-­‐	
   ligands	
   are	
  
observed,	
  as	
  the	
  use	
  of	
  pyrazole	
  induces	
  a	
  significant	
  increase	
  in	
  LUMO	
  energy	
  compared	
  to	
  
standard	
   pyridine.20	
   Comparison	
   with	
   literature	
   values	
   support	
   our	
   measurements,	
   as	
  
[Ir(dfppz)2(4,4’-­‐tBu2-­‐bpy)][PF6]	
   shows	
   the	
   iridium-­‐centred	
   oxidation	
   at	
   +1.25	
   V.10	
   The	
  
fluorines	
   on	
   the	
   C^N	
   ligands	
   act	
   as	
   electron-­‐withdrawing	
   groups	
   and	
   therefore	
   shift	
   the	
  
oxidation	
  to	
  more	
  positive	
  potentials	
  compared	
  to	
  non-­‐fluorinated	
  C^N	
  ligands.	
  	
  
Table	
  4.3	
  Cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  Fc/Fc+;	
  MeCN	
  solutions	
  with	
  [nBu4N][PF6]	
  supporting	
  electrolyte,	
  and	
  
scan	
  rate	
  of	
  0.1	
  V	
  s–1	
  (ir	
  =	
  irreversible;	
  qr	
  =	
  quasi-­‐reversible).	
  
Compound	
   E1/2ox	
  /	
  V	
   E1/2red	
  /	
  V	
   ΔE1/2	
  /	
  V	
  
[Ir(dfppz)2(pbpy)][PF6]	
   +1.23	
   -­‐1.75	
   2.98	
  
[Ir(dfppz)2(1)][PF6]	
   +1.21	
   -­‐1.83	
   3.04	
  
[Ir(dfppz)2(2)][PF6]	
   +1.22qr	
   -­‐1.85,	
  -­‐2.46	
   3.07	
  
[Ir(dfppz)2(3)][PF6]	
   +1.04qr	
  ,	
  +1.47ir,	
  +1.57ir	
   	
  -­‐2.15	
   3.19	
  
	
  
The	
  ΔE1/2	
  values	
  are	
  in	
  accord	
  with	
  the	
  electrochemical	
  values	
  from	
  previously	
  reported	
  blue	
  
emitting	
  iridium(III)	
  complexes	
  (λem	
  =	
  475	
  and	
  ΔE1/2	
  =	
  3.07	
  V;21	
  λem	
  =	
  472	
  and	
  ΔE1/2	
  =	
  3.15	
  V;7	
  
λem	
  =	
  452	
  and	
  ΔE1/2	
  =	
  3.35	
  V).21	
  
	
  
4.6 Device	
  performances	
  
The	
  four	
  compounds	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  pbpy,	
  1,	
  2,	
  3)	
  were	
  further	
  investigated	
  in	
  
Valencia	
  in	
  the	
  group	
  of	
  Henk	
  J.	
  Bolink.	
  Some	
  of	
  the	
  results	
  are	
  presented	
  below	
  (see	
  Table	
  
4.4).22	
  	
  
The	
   efficiencies	
   in	
   thin	
   films	
   of	
   the	
   complex	
  with	
   polymethylmethacrylate	
   (PMMA;	
   5%	
   by	
  
weight)	
   as	
   well	
   as	
   in	
   device	
   configuration	
   with	
   ionic	
   liquid	
   (1-­‐butyl-­‐3methylimidazolium	
  
hexafluoridophosphate,	
   [BMIM][PF6])	
  are	
  quantitative,	
  with	
  values	
  up	
  to	
  1.00.	
   In	
  thin	
  films	
  
the	
  quantum	
  yields	
  were	
   characterized	
  by	
  emission	
  maxima	
  at	
  493,	
  492,	
  493	
  and	
  489	
  nm	
  
with	
  quantum	
  yields	
  of	
  1.00,	
  0.99,	
  0.60,	
  0.89	
  for	
  [Ir(dfppz)2(N^N)][PF6]	
  (N^N	
  =	
  pbpy,	
  1,	
  2,	
  3),	
  
respectively.	
   These	
   quantum	
   yields	
  make	
   the	
   complexes	
   amongst	
   the	
  most	
   efficient	
   ionic	
  
iridium	
   emitters,	
   and	
   are	
   in	
   line	
  with	
   those	
   previously	
   reported	
   for	
   iridium(III)	
   complexes	
  
bearing	
   difluorophenylpyridine	
   cyclometallating	
   ligands	
   together	
   with	
   a	
   neutral	
   diimine	
  
ligand	
  with	
  bulky	
  groups.19	
  
Complexes	
   mixed	
   with	
   the	
   ionic	
   liquid	
   [BMIM][PF6]	
   in	
   a	
   4:1	
   molar	
   ratio	
   result	
   in	
   peak	
  
maxima	
   of	
   510,	
   500,	
   504	
   and	
   510	
   nm	
   with	
   quantum	
   yields	
   of	
   0.89,	
   0.66,	
   0.15,	
   0.45	
   for	
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[Ir(dfppz)2(N^N)][PF6]	
   (N^N	
   =	
   pbpy,	
   1,	
   2,	
   3),	
   respectively.	
   In	
   the	
   emission	
   maxima	
   the	
  
observed	
  slight	
  red-­‐shift	
  of	
  the	
  complexes	
  mixed	
  with	
  an	
  ionic	
  liquid,	
  compared	
  to	
  the	
  thin	
  
films	
  in	
  PMMA,	
  can	
  be	
  attributed	
  to	
  concentration	
  effects.	
  The	
  lower	
  quantum	
  yield	
  is	
  due	
  
to	
  the	
  higher	
  concentrations	
  of	
  the	
  complexes	
  in	
  the	
  film	
  that	
  promotes	
  the	
  self-­‐quenching	
  
between	
  molecules	
  of	
  the	
  complex.	
  
Table	
  4.4	
  Performances	
  of	
  the	
  complexes	
  in	
  different	
  environments.	
  
Compound	
  
Quantum	
  yields	
  
of	
  thin	
  films	
  	
  
Quantum	
  yields	
  when	
  
mixed	
  with	
  ionic	
  liquid	
  	
  
turn	
  on	
  
time	
  
Lifetime	
  
t1/2	
   EQE	
  
[Ir(dfppz)2(pbpy)][PF6]	
   100%	
   89%	
   3.8	
  h	
   12.2	
  h	
   0.16%	
  
[Ir(dfppz)2(1)][PF6]	
   99%	
   66%	
   <	
  5	
  s	
   0.02	
  h	
   1.81%	
  
[Ir(dfppz)2(2)][PF6]	
   60%	
   15%	
   0.4	
  h	
   4.4	
  h	
   0.70%	
  
[Ir(dfppz)2(3)][PF6]	
   89%	
   45%	
   <	
  5	
  s	
   0.01	
  h	
   0.16%	
  
	
  
These	
  results	
  are	
  in	
  accord	
  with	
  earlier	
  measurements	
  with	
  fluorinated	
  iridium	
  complexes.23	
  
Furthermore	
   the	
   four	
  compounds	
  have	
  been	
   tested	
   in	
  a	
  LEC	
  configuration.22	
  The	
  emission	
  
maxima	
   are	
   further	
   red-­‐shifted	
   (see	
   Figure	
   4.13).	
   This	
   strong	
   red-­‐shift	
   observed	
   in	
   the	
  
electroluminescence	
   emission	
   compared	
   to	
   the	
   photoluminescence	
   emission	
   is	
   frequently	
  
observed	
  in	
  LECs	
  using	
  wide	
  bandgap	
  emitters.	
  The	
  origin	
  of	
  this	
  effect	
  is	
  still	
  not	
  completely	
  
clear,	
   but	
   has	
   been	
   attributed	
   to	
   morphological	
   effects	
   and	
   also	
   to	
   light-­‐out	
   coupling	
  
effects,24	
  and	
  therefore	
  needs	
  to	
  be	
  investigated	
  further.	
  
	
  
Figure	
  4.13	
  Electroluminescence	
  spectra	
  of	
  ITO/PEDOT:PSS/[Ir(dfppz)2(N^N)][PF6]:[BMIM][PF6]	
  (4:1)/Al	
  devices.	
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4.7 Conclusion	
  and	
  outlook	
  
The	
   synthesis	
   and	
   characterization	
   of	
   the	
   four	
   complexes	
   was	
   successful.	
   The	
   combined	
  
modification	
  on	
  the	
  cyclometallating	
   ligand	
  with	
  electron-­‐withdrawing	
  substituents	
  and	
  on	
  
the	
   N^N	
   ligand	
   with	
   electron-­‐releasing	
   tBu	
   or	
   NMe2	
   substituents	
   shifted	
   the	
   emission	
  
maxima	
  of	
  the	
  complexes	
  towards	
  the	
  blue	
  region	
  of	
  the	
  visible	
  spectrum,	
  as	
  expected.	
  The	
  
crystal	
  structures	
  of	
  the	
  ligand	
  2,	
  the	
  precursor	
  [Ir2(dfppz)4(μ-­‐Cl)2]·∙CH2Cl2,	
  and	
  the	
  complexes	
  
{[Ir(dfppz)2(pbpy)][PF6]}.3CH2Cl2,	
   [Ir(dfppz)2(2)][PF6].CH2Cl2	
   and	
   [Ir(dfppz)2(3)][PF6].CH2Cl2	
  
were	
  determined	
  and	
  confirm	
  the	
  dominant	
  packing	
  interactions	
  in	
  these	
  compounds	
  to	
  be	
  
intermolecular	
   face-­‐to-­‐face	
   π-­‐π	
   stacking	
   and	
   intra-­‐cation	
   stacking.	
   The	
   latter	
   stacking	
  
interactions	
  involve	
  the	
  pendant	
  phenyl	
  substituents	
  in	
  the	
  cations	
  of	
  [Ir(dfppz)2(phpy)][PF6],	
  
[Ir(dfppz)2(1)][PF6]	
  and	
  [Ir(dfppz)2(2)][PF6].	
  In	
  solution	
  the	
  rotation	
  of	
  the	
  phenyl	
  is	
  hindered	
  
on	
   the	
   NMR	
   time-­‐scale	
   at	
   room	
   temperature.	
   The	
   four	
   complexes	
   are	
   blue	
   emitters	
   in	
  
solution,	
  in	
  thin	
  films	
  and	
  with	
  ionic	
  liquid.	
  But	
  in	
  LEC	
  configuration	
  there	
  is	
  a	
  red	
  shift	
  about	
  
50	
  nm	
  of	
  the	
  electroluminescence	
  spectra	
  with	
  respect	
  to	
  the	
  photoluminescence	
  spectra	
  in	
  
solution.	
  This	
  phenomenon	
  needs	
  to	
  be	
  investigated	
  further.	
  All	
  the	
  complexes	
  can	
  be	
  used	
  
for	
  the	
  generation	
  of	
  electroluminescence	
  devices	
  without	
  the	
  addition	
  of	
  additives	
  such	
  as	
  
charge	
  transporting	
  molecules.	
  	
  
Unfortunately,	
   the	
   four	
   complexes	
   did	
   not	
   show	
   long	
   device	
   lifetimes.	
   One	
   possible	
  
explanation	
   could	
   be	
   cleavage	
   of	
   the	
   fluorine	
   radicals	
   of	
   the	
   [dfppz]-­‐	
   ligands	
   through	
  
electrical	
   aging	
   as	
   also	
   seen	
   in	
   iridium	
   complexes	
   for	
   applications	
   in	
  OLEDs.25	
   The	
   current	
  
research	
   in	
   our	
   group	
   is	
   to	
   replace	
   the	
   fluorine	
   with	
   other	
   electron-­‐withdrawing	
  
substituents,	
   as	
   the	
   fluorine	
   has	
   a	
   negative	
   influence	
   upon	
   the	
   lifetime	
   of	
   the	
   device.	
  
Unfortunately,	
  this	
  will	
  result	
  in	
  more	
  complicated	
  synthetic	
  procedures	
  when	
  compared	
  to	
  
the	
  fluorine-­‐compounds.	
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4.8 Experimental	
  	
  
4.8.1 	
  [Ir(dfppz)2(pbpy)][PF6]	
  
	
  
[Ir2(dfppz)4(μ-­‐Cl)2]	
   (70.0	
   mg,	
   0.060	
   mmol)	
   and	
   6-­‐phenyl-­‐2,2'-­‐bipyridine	
   (28.0	
   mg,	
   0.121	
  
mmol)	
  were	
  added	
  to	
  methanol	
  (15	
  cm3)	
  in	
  an	
  argon	
  flushed	
  vial.	
  The	
  yellow	
  suspension	
  was	
  
heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  h	
  (120	
  °C,	
  12	
  bar).	
  The	
  reaction	
  mixture	
  was	
  cooled	
  to	
  
room	
  temperature	
  and	
  an	
  excess	
  of	
  solid	
  NH4PF6	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  1.5	
  
h	
  at	
  room	
  temperature	
  and	
  then	
  evaporated	
  to	
  dryness.	
  The	
  product	
  was	
  purified	
  by	
  column	
  
chromatography	
  (silica/	
  CH2Cl2	
  changing	
  to	
  CH2Cl2	
  :	
  MeOH	
  100	
  :	
  3	
  followed	
  by	
  alumina	
  with	
  
the	
   same	
   eluents).	
   [Ir(dfppz)2(pbpy)][PF6]	
   was	
   isolated	
   as	
   a	
   yellow	
   solid	
   (79.3	
  mg,	
   0.0855	
  
mmol,	
  71.2%).	
  1H	
  NMR	
   (600	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.52	
  (dd,	
   J	
  =	
  8.1,	
  1.2	
  Hz,	
  1H,	
  HF3),	
  
8.45	
  (d,	
  J	
  =	
  8.1	
  Hz,	
  1H,	
  HE3),	
  8.36	
  (d,	
  J	
  =	
  2.9	
  Hz,	
  1H,	
  HD3),	
  8.30	
  (t,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HF4),	
  8.24	
  (d,	
  J	
  
=	
  2.9	
  Hz,	
  1H,	
  HB3),	
  8.21	
   (overlapping	
  m,	
  2H,	
  HE6+E5),	
  7.60	
   (dd,	
   J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HF5),	
  7.52	
  
(ddd,	
  J	
  =	
  7.5,	
  5.6,	
  1.2	
  Hz,	
  1H,	
  HE4),	
  7.26	
  (d,	
  J	
  =	
  2.3	
  Hz,	
  1H,	
  HD5),	
  7.13	
  (t,	
  J	
  =	
  7.5	
  Hz,	
  1H,	
  HG4),	
  
6.96	
  (br,	
  HG3),	
  6.78	
  (t,	
  J	
  =	
  2.6	
  Hz,	
  1H,	
  HB5),	
  6.62	
  (m,	
  1H,	
  HA4),	
  6.57	
  (t,	
  J	
  =	
  2.7	
  Hz,	
  1H,	
  HB4),	
  6.38	
  
(d,	
  J	
  =	
  2.4	
  Hz,	
  1H,	
  HB5),	
  6.22	
  (m,	
  1H,	
  HC4),	
  5.99	
  (v	
  br,	
  HG2),	
  5.46	
  (m,	
  1H,	
  HA6),	
  4.95	
  (m,	
  1H,	
  HC6).	
  
13C	
  NMR	
   (126	
  MHz,	
  CD2Cl2,	
  298	
  K):	
  δ/ppm	
  165.6	
   (CF6),	
  164.2	
   (CF2),	
  160.0	
   (CA5),	
  159.1	
   (CC5),	
  
157.2	
   (CE2),	
   150.1	
   (CE6),	
   148.3	
   (CA3),	
   147.9	
   (CC3),	
   140.2	
   (CF4),	
   140.0	
   (CE5),	
   138.3	
   (CD5),	
   137.8	
  
(CG1),	
  137.4	
  (CB5),	
  131.7	
  (CB3),	
  131.4	
  (CD3),	
  129.3	
  (CG4),	
  129.1	
  (CF5),	
  128.0	
  (CG3/G5),	
  127.5	
  (CE4),	
  
127.3	
  (CG2/G6),	
  127.2	
  (CG3/G5),	
  126.9	
  (CG2/G6),	
  126.5	
  (CA2),	
  126.0	
  (CC2),	
  124.9	
  (CE3),	
  122.7	
  (CF3),	
  
114.3	
   (CC6),114.1	
   (CA6),	
  108.9	
   (CB4+D4),	
  99.7	
   (CA4),	
  98.0	
   (CC4).	
   19F{1H}	
  NMR	
   (376	
  MHz,	
  CD2Cl2,	
  
298	
  K)	
  δ/ppm	
  −74.1	
  (d,	
  JPF	
  =	
  711	
  Hz,	
  [PF6]−),	
  −112.3	
  (d,	
  JFF	
  =	
  6.5	
  Hz,	
  FC5/A5),	
  −115.0	
  (d,	
  JFF	
  =	
  6.1	
  
Hz,	
   FC5/A5),	
   −124.3	
   (d,	
   JFF	
   =	
   6.4	
  Hz,	
   FC3/A3),	
   −125.4	
   (d,	
   JFF	
   =	
   6.0	
  Hz,	
   FC3/A3).	
   IR	
   (solid,	
   ν/cm−1):	
  
3164	
  (w),	
  3084	
  (w),	
  1617	
  (m),	
  1608	
  (m),	
  1577	
  (m),	
  1560	
  (m),	
  1510	
  (w),	
  1478	
  (s),	
  1450	
  (m),	
  
1445	
  (m),	
  1420	
  (s),	
  1338	
  (w),	
  1309	
  (w),	
  1259	
  (m),	
  1253	
  (m),	
  1230	
  (w),	
  1182	
  (w),	
  1167	
  (m),	
  
1122	
  (w),	
  1110	
  (s),	
  1074	
  (m),	
  1039	
  (s),	
  987	
  (s),	
  965	
  (w),	
  917	
  (w),	
  894	
  (w),	
  880	
  (w),	
  839	
  (s),	
  825	
  
(s),	
  815	
  (s),	
  780	
  (m),	
  758	
  (m),	
  749	
  (s),	
  737	
  (s),	
  718	
  (m),	
  699	
  (m),	
  645	
  (m),	
  626	
  (s),	
  621	
  (m),	
  610	
  
(s).	
  MS	
   (ESI,	
  m/z):	
   783.2	
   [M	
  −	
  PF6]+	
   (calc.	
   783.2).	
  UV-­‐Vis	
   λ/nm	
   (ε/dm3	
  mol−1	
   cm−1)	
   (MeCN,	
  
1.00	
   ×	
   10−5	
  mol	
   dm−3)	
   247	
   (36	
   100),	
   307	
   (17	
   000).	
   Luminescence	
   (MeCN,	
   1.00	
   ×	
   10−5	
  mol	
  
dm−3,	
  λex	
  =	
  307	
  nm):	
  λem	
  =	
  517	
  nm.	
  Quantum	
  yield	
   (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  250	
  
nm,	
   integration	
   range:	
   445	
   –	
   800	
   nm):	
   0.491.	
   Elem.	
   Anal.	
   calcd.	
   for.	
   C34H22F10IrN6P·∙CH2Cl2	
  
(1012.69)	
  C	
  41.51,	
  H	
  2.39,	
  N,	
  8.30;	
  found	
  C	
  41.09,	
  H	
  2.36,	
  N	
  8.13.	
  
Chapter	
  4	
  
72	
  
	
  
4.8.2 	
  [Ir(dfppz)2(1)][PF6]	
  
	
  
[Ir2(dfppz)4(μ-­‐Cl)2]	
   (70.0	
   mg,	
   0.060	
   mmol)	
   and	
   4,4’-­‐di-­‐tert-­‐butyl-­‐6-­‐phenyl-­‐2,2'-­‐bipyridine	
  
(41.5	
  mg,	
  0.121	
  mmol)	
  were	
  added	
  to	
  methanol	
  (15	
  cm3)	
   in	
  an	
  argon	
  flushed	
  vial,	
  and	
  the	
  
yellow	
  suspension	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  h	
  (120	
  °C,	
  11	
  bar).	
  The	
  reaction	
  
mixture	
   was	
   cooled	
   to	
   room	
   temperature	
   and	
   solid	
   NH4PF6	
   was	
   added.	
   After	
   20	
   h,	
   no	
  
precipitation	
  had	
  occurred	
  and	
  so	
  an	
  excess	
  of	
  AgPF6	
  was	
  added	
  and	
  the	
  mixture	
  stirred	
  for	
  
1	
   h.	
   Solvent	
   was	
   then	
   removed,	
   and	
   the	
   crude	
   material	
   was	
   purified	
   twice	
   by	
   column	
  
chromatography	
  (silica/CH2Cl2	
  changing	
  to	
  CH2Cl2:MeOH	
  100:3	
  followed	
  by	
  alumina	
  with	
  the	
  
same	
   eluents).	
   [Ir(dfppz)2(1)][PF6]	
   was	
   isolated	
   as	
   a	
   yellow	
   solid	
   (89.0	
   mg,	
   0.0856	
   mmol,	
  
71.3%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.36	
  (d,	
  J	
  =	
  2.8	
  Hz,	
  1H,	
  HD3),	
  8.31	
  (d,	
  J	
  =	
  2.0	
  
Hz,	
  1H,	
  HF3),	
  8.28	
  (overlapping,	
  2H,	
  HE3+B3),	
  8.07	
  (d,	
  J	
  =	
  5.8	
  Hz,	
  1H,	
  HE6),	
  7.53	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  
HF5),	
  7.48	
  (m,	
  1H,	
  HE5),	
  7.24	
  (d,	
  J	
  =	
  2.1	
  Hz,	
  1H,	
  HD5),	
  7.14	
  (t,	
  J	
  =	
  7.5	
  Hz,	
  1H,	
  HG4),	
  6.95	
  (br,	
  2H,	
  
HG3),	
  6.77	
  (t,	
  J	
  =	
  2.6	
  Hz,	
  1H,	
  HD4),	
  6.61	
  (m,	
  1H,	
  HA4),	
  6.59	
  (t,	
  J	
  =	
  2.8	
  Hz,	
  1H,	
  HB4),	
  6.37	
  (d,	
  J	
  =	
  2.5	
  
Hz,	
  1H,	
  HB5),	
  6.21	
  (m,	
  1H,	
  HC4),	
  6.03	
  (v	
  br,	
  HG2),	
  5.47	
  (m,	
  1H,	
  HA6),	
  4.93	
  (m,	
  1H,	
  HC6),	
  1.51	
  (s,	
  
9H,	
  HMe,	
   ring	
  F),	
  1.45	
   (s,	
  9H,	
  HMe,	
   ring	
  E).	
  13C	
  NMR	
   (126	
  MHz,	
  CD2Cl2,	
  298	
  K):	
  δ/ppm	
  166.3	
  
(CF6),	
   165.9	
   (CF4),	
   165.7	
   (CE4),	
   158.3	
   (CF2),	
   160.8	
   (CA5),	
   160.1	
   (CC5),	
   157.7	
   (CE2),	
   150.5	
   (CE6),	
  
149.4	
   (CA3),	
  149.0	
   (CC3),	
  139.1	
   (CG1),	
  139.0	
   (CD5),	
  138.5	
   (CB5),	
  132.3	
   (2C,	
  CB3+D3),	
  130.2	
   (CG4),	
  
129.0	
   (CG3/G5),	
   128.5	
   (CG2/G6),	
   128.0	
   (2C,	
   CG2/G6+G3/G5),	
   127.4	
   (CA2),	
   127.2	
   (CF5),	
   127.0	
   (CC2),	
  
125.8	
   (CE5),	
   122.4	
   (CE3),	
   120.4	
   (CF3),	
   115.2	
   (CC6),	
   114.8	
   (CA6),	
   109.8	
   (CB4),	
   109.7	
   (CD4),	
   100.3	
  
(CA4),	
  98.7	
  (CC4),	
  36.45	
  (CtBu,	
  ring	
  F),	
  36.40	
  (CtBu,	
  ring	
  E),	
  30.8	
  (CMe,	
  ring	
  F),	
  30.7	
  (CMe,	
  ring	
  E).	
  
19F{1H}	
  NMR	
  (376	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  −74.2	
  (d,	
  JPF	
  =	
  711	
  Hz,	
  [PF6]−),	
  −112.4	
  (d,	
  JFF	
  =	
  
6.2	
  Hz,	
  FC5/A5),	
  −115.1	
  (d,	
  JFF	
  =	
  5.9	
  Hz,	
  FC5/A5),	
  −124.5	
  (d,	
  JFF	
  =	
  6.2	
  Hz,	
  FC3/A3),	
  −125.5	
  (d,	
  JFF	
  =	
  5.9	
  
Hz,	
   FC3/A3).	
   IR	
   (solid,	
   ν/cm−1):	
   3177	
   (w),	
   2956	
   (w),	
   1611	
   (m),	
   1580	
   (m),	
   1542	
   (w),	
   1480	
   (s),	
  
1438	
   (w),	
  1419	
   (s),	
  1369	
   (w),	
  1337	
   (w),	
  1309	
   (w),	
  1251	
   (m),	
  1166	
   (w),	
  1125	
   (w),	
  1106	
   (m),	
  
1073	
  (m),	
  1037	
  (s),	
  987	
  (s),	
  963	
  (w),	
  908	
  (w),	
  825	
  (s),	
  804	
  (s),	
  771	
  (m),	
  752	
  (m),	
  743	
  (s),	
  703	
  
(s),	
   655	
   (w),	
   625	
   (m),	
   602	
   (s).	
  MS	
   (ESI,	
   m/z):	
   895.4	
   [M	
   −	
   PF6]+	
   (calc.	
   895.3).	
  UV-­‐Vis	
   λ/nm	
  
(ε/dm3	
  mol−1	
   cm−1)	
   (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3):	
   218	
   sh	
   (57	
  500),	
   250	
   (42	
  000),	
   309	
   (19	
  
900).	
  Luminescence	
   (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3,	
   λex	
   =	
  305	
  nm):	
   λem	
  =	
  505	
  nm.	
  Quantum	
  
yield	
   (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  250	
  nm,	
   integration	
  range:	
  440	
  –	
  800	
  nm):	
  0.424.	
  
Elem.	
  Anal.	
  calcd.	
  for	
  C42H38F10IrN6P·∙0.75CH2Cl2	
  (1103.67):	
  C	
  46.52,	
  H	
  3.61,	
  N,	
  7.61;	
  found	
  C	
  
46.51,	
  H	
  3.63,	
  N	
  7.64.	
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4.8.3 	
  [Ir(dfppz)2(2)][PF6]	
  	
  
	
  
[Ir2(dfppz)4(μ-­‐Cl)2]	
   (100.0	
   mg,	
   0.0853	
   mmol),	
   4,4’-­‐di-­‐tert-­‐butyl-­‐6,6’-­‐diphenyl-­‐2,2'-­‐bipyridine	
  
(75.3	
  mg,	
  0.179	
  mmol)	
  and	
  AgPF6	
  (45.3	
  mg,	
  0.179	
  mmol)	
  were	
  combined	
  with	
  methanol	
  (15	
  
cm3)	
  in	
  an	
  argon	
  flushed	
  vial.	
  This	
  was	
  placed	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  h	
  at	
  120	
  °C	
  (P	
  =	
  13	
  
bar).	
   The	
   vial	
  was	
   removed	
   from	
   the	
   reactor	
   and	
  CH2Cl2	
   (3	
   cm3)	
  was	
   added.	
   The	
   reaction	
  
mixture	
  was	
  heated	
  for	
  further	
  15	
  min	
  at	
  100	
  °C	
  (P	
  =	
  11	
  bar)	
  in	
  the	
  microwave	
  reactor.	
  The	
  
yellow-­‐green	
  solution	
  was	
  cooled	
  to	
  room	
  temperature	
  and	
  an	
  excess	
  of	
  solid	
  NH4PF6	
  was	
  
added.	
   The	
   mixture	
   was	
   stirred	
   for	
   1	
   h	
   at	
   room	
   temperature	
   and	
   then	
   evaporated	
   to	
  
dryness.	
   The	
   product	
   was	
   purified	
   by	
   chromatography	
   (column,	
   alumina	
   with	
   CH2Cl2	
  
changing	
   to	
   CH2Cl2:MeOH	
   100:5,	
   then	
   preparative	
   TLC,	
   alumina,	
   CH2Cl2:MeOH	
   100:1.5).	
  
[Ir(dfppz)2(2)][PF6]	
  was	
  isolated	
  as	
  a	
  yellow	
  solid	
  (99.6	
  mg,	
  0.089	
  mmol,	
  52.3%).	
  1H	
  NMR	
  (500	
  
MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.32	
  (d,	
  J	
  =	
  2.1	
  Hz,	
  2H,	
  HF3),	
  8.19	
  (d,	
  J	
  =	
  2.9	
  Hz,	
  2H,	
  HD3),	
  7.38	
  (d,	
  J	
  
=	
  2.0	
  Hz,	
  2H,	
  HF5),	
  7.14	
  (overlapping	
  m,	
  4H,	
  HG4+D5),	
  6.94	
  (br,	
  4H,	
  HG3),	
  6.70	
  (t,	
  J	
  =	
  2.6	
  Hz,	
  2H,	
  
HD4),	
  6.64	
  (v	
  br.,	
  HG2),	
  6.16	
  (m,	
  2H,	
  HC4),	
  4.47	
  (m,	
  2H,	
  HC6),	
  1.48	
  (s,	
  18H,	
  HMe,	
  ring	
  F).	
  13C	
  NMR	
  
(126	
  MHz,	
  CD2Cl2,	
  298	
  K):	
  δ/ppm	
  164.4	
  (CF6),	
  163.9	
  (CF4),	
  157.9	
  (CF2),	
  158.5	
  (CC5),	
  147.2	
  (CC3),	
  
138.2	
  (CG1),	
  138.9	
  (CD5),	
  131.7	
  (CD3),	
  128.5	
  (CG4),	
  127.4	
  (CG3/G5),	
  127.3	
  (2C,	
  CG2/G6+G3/G5),	
  127.0	
  
(CF5),	
  126.6	
  (CG2/G6),	
  124.9	
  (CC2),	
  120.6	
  (CF3),	
  113.6	
  (CC6),	
  108.7	
  (CD4),	
  98.2	
  (CC4),	
  35.7	
  (CtBu,	
  ring	
  
F),	
   30.0	
   (CMe,	
   ring	
  F).	
   19F{1H}	
  NMR	
   (376	
  MHz,	
  CD2Cl2,	
   298	
  K)	
  δ/ppm	
  −73.7	
   (d,	
   JPF	
   =	
  711	
  Hz,	
  
[PF6]−),	
  −113.7	
  (d,	
  JFF	
  =	
  5.9	
  Hz,	
  FC5),	
  −125.5	
  (d,	
  JFF	
  =	
  5.9	
  Hz,	
  FC3).	
   IR	
  (solid,	
  ν/cm−1):	
  3152	
  (w),	
  
3091	
  (w),	
  2968	
  (w),	
  2874	
  (w),	
  1613	
  (m),	
  1584	
  (m),	
  1544	
  (w),	
  1500	
  (w),	
  1480	
  (m),	
  1440	
  (w),	
  
1419	
  (m),	
  1398	
  (m),	
  1369	
  (w),	
  1338	
  (w),	
  1307	
  (w),	
  1251	
  (m),	
  1215	
  (w),	
  1166	
  (w),	
  1125	
  (w),	
  
1105	
  (m),	
  1070	
  (m),	
  1037	
  (m),	
  986	
  (s),	
  961	
  (w),	
  914	
  (w),	
  880	
  (w),	
  829	
  (s),	
  819	
  (s),	
  801	
  (m),	
  
754	
  (s),	
  697	
  (s),	
  662	
  (w),	
  626	
  (m).	
  MS	
  (ESI,	
  m/z):	
  971.5	
  [M	
  −	
  PF6]+	
  (calc.	
  971.3).	
  UV-­‐Vis	
  λ/nm	
  
(ε/dm3	
  mol−1	
  cm−1)	
  (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3):	
  235	
  (45	
  900),	
  274	
  (27	
  300),	
  306	
  (16	
  850),	
  
318sh	
   (15	
  000).	
  Luminescence	
   (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3,	
  λex	
  =	
  310	
  nm):	
  λem	
  =	
  501	
  nm.	
  
Quantum	
  yield	
  (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  250	
  nm,	
  integration	
  range:	
  440	
  –	
  800	
  nm):	
  
0.086.	
  Elem.	
  Anal.	
   calcd.	
   for	
  C42H38F10IrN6P·∙0.25CH3OH	
   (1047.98):	
  C	
  51.56,	
  H	
  3.86,	
  N,	
  7.48;	
  
found	
  C	
  51.57,	
  H	
  3.93,	
  N	
  7.55.	
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4.8.4 	
  [Ir(dfppz)2(3)][PF6]	
  	
  
	
  
[Ir2(dfppz)4(μ-­‐Cl)2]	
   (70.0	
  mg,	
   0.060	
  mmol)	
   and	
  4,4’-­‐bis(dimethylamino)-­‐2,2’-­‐bipyridine	
   (29.2	
  
mg,	
  0.121	
  mmol)	
  were	
  added	
   to	
  methanol	
   (15	
  cm3)	
   in	
  an	
  argon	
   flushed	
  vial,	
   and	
   this	
  was	
  
heated	
   in	
  a	
  microwave	
  reactor	
   for	
  2	
  h	
   (120	
  °C,	
  11	
  bar).	
  The	
  yellow	
  solution	
  was	
  cooled	
  to	
  
room	
  temperature	
  and	
  an	
  excess	
  of	
  solid	
  NH4PF6	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  1.5	
  
h	
  at	
  room	
  temperature	
  and	
  then	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  material	
  was	
  purified	
  by	
  
column	
  chromatography	
  (silica/CH2Cl2	
  changing	
  to	
  CH2Cl2:MeOH	
  100:3	
  followed	
  by	
  alumina	
  
with	
   the	
   same	
   eluents).	
   [Ir(dfppz)2(3)][PF6]	
  was	
   isolated	
   as	
   a	
   yellow-­‐green	
   solid	
   (50.5	
  mg,	
  
0.0539	
  mmol,	
  44.8%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.36	
  (d,	
  J	
  =	
  2.8	
  Hz,	
  2H,	
  HB3),	
  
7.53	
  (d,	
  J	
  =	
  6.7	
  Hz,	
  2H,	
  HE6),	
  7.30	
  (d,	
  J	
  =	
  2.6	
  Hz,	
  2H,	
  HE3),	
  6.93	
  (d,	
  J	
  =	
  2.1	
  Hz,	
  2H,	
  HB5),	
  6.67	
  (m,	
  
2H,	
  HA4),	
  6.59	
  (t,	
  J	
  =	
  2.6	
  Hz,	
  2H,	
  HB4),	
  6.49	
  (dd,	
  J	
  =	
  6.7,	
  2.6	
  Hz,	
  2H,	
  HE5),	
  5.78	
  (m,	
  2H,	
  HA6),	
  3.19	
  
(s,	
  12H,	
  HMe,	
  ring	
  E).	
  13C	
  NMR	
  (126	
  MHz,	
  CD2Cl2,	
  298	
  K):	
  δ/ppm	
  160.8	
  (CA5),	
  156.3	
  (CE4),	
  149.8	
  
(CE6),	
   149.3	
   (CE2),	
   148.0	
   (CA3),	
   138.1	
   (CB5),	
   131.8	
   (CB3),	
   128.0	
   (CA2),	
   115.8	
   (CA6),	
   109.4	
   (CE5),	
  
108.9	
  (CB4),	
  105.9	
  (CE3),	
  99.1	
  (CA4),	
  40.0	
  (CMe,	
  ring	
  E).	
  19F{1H}	
  NMR	
   (376	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  
δ/ppm	
  −74.1	
  (d,	
  JPF	
  =	
  711	
  Hz,	
  [PF6]−),	
  −114.2	
  (d,	
  JFF	
  =	
  5.9	
  Hz,	
  FA5),	
  −125.3	
  (d,	
  JFF	
  =	
  5.5	
  Hz,	
  FA3).	
  
IR	
  (solid,	
  ν/cm−1):	
  3166	
  (w),	
  2928	
  (w),	
  1612	
  (s),	
  1585	
  (m),	
  1576	
  (m),	
  1544	
  (m),	
  1512	
  (w),	
  1474	
  
(m),	
  1434	
  (m),	
  1420	
  (m),	
  1380	
  (m),	
  1337	
  (w),	
  1309	
  (w),	
  1285	
  (m),	
  1253	
  (m),	
  1226	
  (w),	
  1187	
  
(w),	
  1165	
  (w),	
  1108	
  (m),	
  1072	
  (m),	
  1034	
  (s),	
  1016	
  (m),	
  987	
  (s),	
  962	
  (w),	
  916	
  (w),	
  834	
  (s),	
  825	
  
(s),	
  808	
  (s),	
  803	
  (s),	
  746	
  (m),	
  740	
  (m),	
  710	
  (w),	
  655	
  (w),	
  626	
  (m),	
  602	
  (s).	
  MS	
  (ESI,	
  m/z):	
  971.5	
  
[M	
  −	
  PF6]+	
  (calc.	
  971.3).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol−1	
  cm−1)	
  (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3):	
  216	
  
sh	
  (48	
  800),	
  260	
  (42	
  000),	
  352	
  (8600).	
  Luminescence	
  (MeCN,	
  1.00	
  ×	
  10−5	
  mol	
  dm−3,	
  λex	
  =	
  280	
  
nm):	
  λem	
  =	
  493	
  nm.	
  Quantum	
  yield	
   (MeCN,	
  degassed	
  with	
  argon,	
  λex	
  =	
  260	
  nm,	
   integration	
  
range:	
   430	
   –	
   800	
   nm):	
   0.718.	
  Elem.	
  Anal.	
   calcd.	
   for	
   C42H38F10IrN6P·∙0.75CH2Cl2	
   (1103.67):	
   C	
  
39.28,	
  H	
  2.97,	
  N,	
  11.19;	
  found	
  C	
  39.24,	
  H	
  2.86,	
  N	
  11.28.	
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5. Introducing	
   terpyridine	
   ligands	
   in	
   iridium(III)	
   complexes	
  
and	
  moving	
  the	
  emission	
  maximum	
  towards	
  the	
  red	
  region	
  
of	
  the	
  visible	
  spectrum	
  
	
  
5.1. Introduction	
  
A	
  wide	
  variety	
  of	
  cationic	
  iridium(III)	
  complexes	
  incorporating	
  N^N	
  ligands	
  based	
  on	
  2,2’-­‐bpy	
  
and	
  its	
  derivatives	
  are	
  known.	
  But	
  only	
  one	
  iridium(III)	
  complex	
  with	
  a	
  tpy	
  as	
  N^N	
  ligand	
  on	
  
an	
  iridium(III)	
  complex	
  has	
  been	
  reported	
  so	
  far:	
  [Ir(ppy)2(ttpy)][PF6]	
  with	
  ttpy	
  =	
  4’-­‐(4-­‐tolyl)-­‐
2,2’:6’,2’’-­‐terpyridine.1	
  The	
  complex	
  shows	
  an	
  emission	
  maximum	
  in	
  the	
  red-­‐orange	
  region	
  
(λem	
  =	
  625	
  nm)	
  exhibiting	
  a	
  low	
  quantum	
  yield	
  in	
  MeCN	
  solution	
  (0.017).	
  Unfortunately,	
  no	
  
crystal	
  structure	
  of	
  this	
  complex	
  has	
  been	
  reported.	
  
This	
  raises	
  the	
  question:	
  does	
  the	
  pendant	
  pyridine	
  ring	
  of	
  the	
  tpy	
  unit	
  undergo	
  similar	
  face-­‐
to-­‐face	
  π-­‐π	
  stacking	
  as	
  is	
  seen	
  in	
  the	
  complexes	
  incorporating	
  pbpy	
  and	
  its	
  derivatives	
  (see	
  
e.g.	
  Chapters	
  3	
  and	
  4)?	
  The	
  effect	
  of	
  this	
  change	
  to	
  the	
  photophysical	
  and	
  electrochemical	
  
properties	
  and	
  to	
  the	
  performance	
  in	
  LEC	
  devices	
  has	
  not	
  yet	
  been	
  investigated.	
  
While	
  working	
  with	
   tpy,	
   contrary	
   to	
   the	
  previous	
   chapter	
   (see	
  Chapter	
  4),	
   the	
   idea	
   in	
   this	
  
chapter	
  was	
  to	
  achieve	
  red/orange	
  emitters.	
  The	
  bandgap	
  between	
  the	
  HOMO	
  and	
  LUMO	
  
was	
   designed	
   to	
   be	
   small	
   in	
   order	
   to	
   achieve	
   a	
   shift	
   in	
   the	
   emission	
   spectrum	
   to	
   the	
   red	
  
region	
  of	
  the	
  visible	
  light.	
  The	
  methods	
  to	
  shift	
  these	
  energy	
  levels	
  are	
  the	
  exact	
  opposite	
  to	
  
a	
   blue-­‐shift.	
   To	
   achieve	
   a	
   smaller	
   band	
   gap,	
   the	
   HOMO	
   needs	
   to	
   be	
   destabilized,	
   thus	
  
increasing	
  its	
  energy	
  level,	
  and/or	
  the	
  LUMO	
  needs	
  to	
  be	
  stabilized,	
  i.e.	
  lowering	
  its	
  energy	
  
level.	
   To	
   destabilize	
   the	
   HOMO,	
   electron-­‐donating	
   substituents	
   are	
   widely	
   used	
   and	
   to	
  
destabilize	
   the	
   LUMO,	
   electron-­‐withdrawing	
   substituents	
   are	
   attached	
   on	
   the	
   ancillary	
  
ligand.2,	
  3	
  The	
  change	
  on	
  the	
  ancillary	
  ligand	
  is	
  the	
  introduction	
  of	
  another	
  pyridine	
  ring	
  on	
  
the	
   4’-­‐position	
   of	
   the	
   tpy	
   ligand.	
   In	
   comparison	
   to	
   the	
   complex	
   containing	
   a	
   simple	
   tpy	
  
ligand,	
   complexes	
   with	
   an	
   extended	
   tpy	
   π-­‐system	
   will	
   have	
   a	
   destabilized	
   LUMO	
   and	
  
therefore	
   yield	
   a	
   red-­‐shift	
   in	
   the	
   emission	
   maximum.	
   In	
   addition	
   to	
   the	
   change	
   on	
   the	
  
ancillary	
   ligand,	
   the	
   effect	
   of	
   introduction	
   of	
   bulky	
   side-­‐groups	
   on	
   the	
   cyclometallating	
  
ligands	
  was	
  also	
  investigated.	
  Finally,	
  the	
  effect	
  of	
  the	
  methylation	
  of	
  the	
  4’-­‐pyridyl	
  ring	
  was	
  
studied.	
  
To	
   date,	
   red-­‐emitting	
   iridium(III)	
   complexes	
   have	
   been	
   reported	
  with	
   emission	
  maxima	
   at	
  
656	
  nm4	
  or	
  687	
  nm.5	
  The	
  quantum	
  yields	
  of	
  these	
  complexes	
  are	
  0.20	
  and	
  0.02	
  respectively.	
  
The	
   aim	
   was	
   to	
   synthesise	
   complexes,	
   which	
   emit	
   in	
   the	
   red	
   region	
   and	
   which	
   exhibit	
   a	
  
relatively	
  good	
  quantum	
  yield.	
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5.2. Results	
  and	
  discussion	
  
The	
   five	
   complexes	
   [Ir(ppy)2(tpy)][PF6],	
   [Ir(dmppz)2(tpy)][PF6],	
   [Ir(dmppz)2(4)][PF6],	
  
[Ir(ppy)2(4)][PF6]	
   and	
   [Ir(dmppz)2(5)][PF6]2,	
   (Scheme	
  5.1)	
  were	
  prepared	
  by	
   the	
  established	
  
methodology6	
  of	
  treating	
  a	
  dichlorido-­‐bridged	
  iridium(III)	
  dimer	
  with	
  two	
  equivalents	
  of	
  an	
  
N^N	
  ligand.	
  The	
  reactions	
  were	
  performed	
  in	
  a	
  microwave	
  reactor	
  followed	
  by	
  precipitation	
  
with	
   ammonium	
   hexafluoridophosphate,	
   and	
   the	
   purification	
   was	
   done	
   by	
   column	
  
chromatography.	
  	
  
	
  
Scheme	
  5.1	
  Syntheses	
  of	
  the	
  complexes	
  described	
  in	
  this	
  chapter.	
  Conditions:	
  (i)	
  tpy,	
  4	
  or	
  5,	
  MeOH,	
  microwave,	
  120°C,	
  
2h;	
  (ii)	
  [NH4][PF6],	
  30	
  –	
  60	
  min.	
  
The	
  yields	
  ranged	
  from	
  47.6%	
  for	
  [Ir(ppy)2(tpy)][PF6]	
  to	
  98.1%	
  for	
  [Ir(dmppz)2(tpy)][PF6].	
  The	
  
ESI	
  mass	
  spectrum	
  of	
  each	
  of	
  the	
  complexes	
  showed	
  a	
  peak	
  that	
  was	
  assigned	
  to	
  the	
  [M	
  –	
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PF6]+	
   ion	
   and	
   the	
   observed	
   isotope	
   patterns	
   were	
   in	
   accord	
   with	
   those	
   simulated.	
   The	
  
elemental	
  analyses	
  could	
  be	
  fitted	
  by	
  the	
  addition	
  of	
  up	
  to	
  one	
  solvent	
  molecule.	
  	
  
The	
  NMR	
  spectroscopic	
  assignments	
  were	
  done	
  with	
  routine	
  2D	
  techniques	
  (COSY,	
  NOESY,	
  
HMBC	
  and	
  HMQC).	
  An	
  example	
  of	
  the	
  assignment	
  will	
  be	
  shown	
  with	
  [Ir(ppy)2(tpy)][PF6]	
  (see	
  
Section	
  5.3.).	
  
Unlike	
   in	
   the	
   previous	
   sections,	
   all	
   complexes	
   do	
   not	
   contain	
   a	
   C2	
   axis.	
   Therefore	
   the	
  
environments	
  of	
   the	
   two	
   cyclometallating	
  C^N	
   ligands	
   are	
  non-­‐equivalent	
   and	
   this	
   can	
  be	
  
seen	
  in	
  the	
  NMR	
  spectra	
  (e.g.	
  Figure	
  5.1).	
  	
  
	
  
5.3. NMR	
  spectroscopic	
  assignment	
  of	
  [Ir(ppy)2(tpy)][PF6]	
  
The	
  structure	
  of	
  [Ir(ppy)2(tpy)][PF6]	
  is	
  shown	
  in	
  Scheme	
  5.2	
  with	
  the	
  ring	
  labels	
  for	
  the	
  NMR	
  
assignments.	
  Starting	
  with	
  previously	
  discussed	
  symmetric	
  complexes,	
  comparison	
  of	
  NMR	
  
spectroscopic	
   data	
   (see	
   Sections	
   3.2	
   and	
   4.2)	
   leads	
   to	
   the	
   assumption	
   that	
   the	
   high-­‐field	
  
doublet	
   can	
   be	
   assigned	
   to	
   proton	
   A6.	
  With	
   a	
   pendant	
   phenyl	
   (see	
   Chapters	
   3	
   and	
   4)	
   or	
  
pyridine	
   ring,	
   the	
   two	
   cyclometallating	
   ligands	
   are	
   non-­‐equivalent.	
   This	
   leads	
   to	
   different	
  
rings	
  A	
  and	
  C	
  and	
  the	
  two	
  high-­‐field	
  doublets	
  were	
   initially	
  both	
   labelled	
  A6/C6.	
  The	
  COSY	
  
spectrum	
  helped	
  to	
  identify	
  the	
  spin	
  systems	
  for	
  all	
  rings.	
  In	
  the	
  NOESY	
  spectrum,	
  the	
  cross-­‐
peaks	
  between	
  protons	
  A3/C3	
  and	
  B3/D3	
  helped	
  to	
  identify	
  the	
  two	
  different	
  C^N	
  ligands.	
  
With	
  a	
  NOESY	
  cross-­‐peak	
  between	
  ring	
  G	
  and	
  D,	
  ring	
  D	
  could	
  be	
  identified.	
  This	
  led	
  directly	
  
to	
  the	
  identification	
  of	
  rings	
  C,	
  B	
  and	
  A.	
  NOESY	
  crosspeaks	
  between	
  proton	
  G3	
  and	
  F5,	
  and	
  
F3	
  and	
  E3	
  identified	
  the	
  tpy	
  ligand.	
  	
  
	
  
Scheme	
  5.2	
  [Ir(ppy)2(tpy)][PF6]	
  with	
  ring	
  labelling	
  for	
  NMR	
  spectroscopy	
  
The	
   1H	
   NMR	
   spectrum	
   of	
   [Ir(ppy)2(tpy)][PF6]	
   was	
   measured	
   in	
   CD2Cl2	
   and	
   the	
   proton	
  
spectrum	
  is	
  depicted	
  in	
  Figure	
  5.1.	
  The	
  peaks	
  are	
  labelled	
  with	
  the	
  corresponding	
  proton.	
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The	
   only	
   significantly	
   broadened	
   signal	
   is	
   for	
   proton	
   B6	
   at	
   δ	
   8.87	
   ppm.	
   The	
   broadening	
  
originates	
  from	
  hydrogen	
  bonding	
  between	
  the	
  lone-­‐pair	
  of	
  the	
  free	
  nitrogen	
  of	
  ring	
  G	
  with	
  
proton	
  B6.	
  The	
  crystal	
   structure	
  of	
   [Ir(ppy)2(tpy)][PF6]	
   shows	
   that	
  proton	
  B6	
   is	
  only	
  2.57	
  Å	
  
away	
  from	
  the	
  nitrogen	
  of	
  the	
  free	
  pyridine	
  in	
  the	
  solid	
  state	
  (see	
  Figure	
  5.4).	
  Going	
  to	
  the	
  
other	
   C^N	
   ligand	
   in	
   [Ir(ppy)2(tpy)][PF6]	
   it	
   is	
   quite	
   obvious	
   that	
   proton	
   D6	
   is	
   less	
   shifted	
  
towards	
  the	
  low-­‐field	
  region.	
  This	
  is	
  an	
  evidence	
  of	
  the	
  different	
  chemical	
  environments	
  of	
  
protons	
  B6	
  and	
  D6.	
  
	
  
Figure	
  5.1	
  1H	
  NMR	
  spectrum	
  of	
  [Ir(ppy)2(tpy)][PF6]	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K,	
  TMS)	
  
The	
  full	
  assignment	
  was	
  done	
  using	
  COSY,	
  NOESY,	
  HMQC	
  and	
  HMBC	
  spectroscopy.	
  	
  
Correlation	
   spectroscopy	
   (COSY)	
   led	
   to	
   the	
   identification	
  of	
   the	
   individual	
   ring	
   systems,	
   in	
  
which	
  cross	
  peaks	
  show	
  correlations	
  between	
  protons	
  e.g.	
  C5	
  and	
  C6	
  (Figure	
  5.2,	
  grey	
  line).	
  
The	
  proton	
  C5	
  also	
  shows	
  a	
  cross-­‐peak	
  with	
  proton	
  C4	
  (black	
  line)	
  whereas	
  proton	
  A6	
  shows	
  
a	
  cross-­‐peak	
  with	
  proton	
  A5.	
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Figure	
  5.2	
  Region	
  of	
  the	
  COSY	
  spectrum	
  of	
  [Ir(ppy)2(tpy)][PF6]	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K,	
  TMS)	
  	
  
As	
  previously	
  discussed,	
  NOESY	
  spectra	
  helped	
  to	
  identify	
  the	
  bonded	
  ring	
  systems.	
  A	
  region	
  
of	
  the	
  NOESY	
  spectrum	
  is	
  depicted	
  in	
  Figure	
  5.3.	
  Proton	
  G3	
  shows	
  a	
  strong	
  cross-­‐peak	
  with	
  
proton	
  F5	
  (Figure	
  5.3,	
  black	
  lines)	
  and	
  a	
  much	
  weaker	
  cross-­‐peak	
  with	
  proton	
  C3	
  (Figure	
  5.3,	
  
grey	
  lines).	
  The	
  latter	
  interaction	
  is	
  from	
  the	
  face-­‐to-­‐face	
  π-­‐stacked	
  rings	
  C	
  and	
  G.	
  
	
   	
   Red	
  emitters	
  
83	
  
	
  
	
  
Figure	
  5.3	
  Region	
  of	
  the	
  2D-­‐NOESY	
  spectrum	
  of	
  [Ir(ppy)2(tpy)][PF6]	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K,	
  TMS)	
  
Using	
   HMQC	
   and	
   HMBC,	
   the	
   carbon	
   peaks	
   were	
   assigned;	
   e.g.	
   proton	
   C3	
   shows	
   a	
   4JCH	
  
correlation	
  with	
  carbon	
  D2	
  in	
  HMBC.	
  	
  
	
  
Scheme	
   5.3	
   Ring	
   labelling	
   and	
   atom	
   numbering	
   for	
   NMR	
   spectroscopic	
   assignments	
   of	
   [Ir(dmppz)2(tpy)][PF6],	
  
[Ir(dmppz)2(4)][PF6]	
  and	
  [Ir(dmppz)2(5)][PF6]2.	
  
Comparison	
   of	
   the	
  NMR	
   spectroscopic	
   data	
   indicates	
   that	
   there	
   are	
   correlations	
   between	
  
the	
  chemical	
  shifts	
  for	
  a	
  given	
  carbon	
  atom	
  across	
  the	
  series	
  of	
  compounds.	
  The	
  similarities	
  
of	
  the	
  C^N	
  ligands	
  in	
  [Ir(ppy)2(tpy)][PF6]	
  and	
  [Ir(ppy)2(4)][PF6],	
  and	
  in	
  [Ir(dmppz)2(tpy)][PF6],	
  
[Ir(dmppz)2(4)][PF6]	
  and	
  [Ir(dmppz)2(5)][PF6]2	
  lead	
  to	
  comparable	
  chemical	
  shifts	
  for	
  a	
  given	
  
carbon	
  atom.	
  The	
  cyclometallating	
  carbon	
  atoms	
  A1	
  and	
  C1	
  are	
  strongly	
  low-­‐field	
  shifted	
  by	
  
changing	
   the	
   C^N	
   ligands	
   from	
   [ppy]-­‐	
   to	
   [dmppz]-­‐.	
   The	
   resonances	
   of	
   these	
   carbons	
   shift	
  
from	
  δ	
  130.4	
  –	
  133.2	
  ppm	
   to	
  δ	
  146.7	
  –	
  150.4	
  ppm.	
   In	
   compounds	
   [Ir(ppy)2(tpy)][PF6]	
   and	
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[Ir(ppy)2(4)][PF6]	
   the	
   chemical	
   shifts	
   of	
   carbons	
   A6	
   and	
   C6	
   differ	
   only	
   about	
   1.8	
   ppm,	
  
whereas	
  carbons	
  B6	
  and	
  D6	
  differ	
  about	
  4.5	
  ppm.	
  This	
  supports	
  the	
  effect	
  of	
  an	
  interaction	
  
between	
  B6	
  and	
  pyridine	
  ring	
  G.	
  
In	
  the	
  blue	
  emitting	
  iridium(III)	
  complexes	
  of	
  the	
  previous	
  chapter	
  (see	
  Chapter	
  4)	
  the	
  proton	
  
signals	
   of	
   the	
   pendant	
   phenyl	
   rings	
   are	
   broad,	
   due	
   to	
   their	
   ability	
   to	
   undergo	
   hindered	
  
rotation	
  on	
  the	
  NMR	
  timescale.	
  In	
  contrast	
  with	
  the	
  introduction	
  of	
  an	
  additional	
  4’-­‐pyridyl	
  
ring	
   H	
   in	
   compounds	
   [Ir(ppy)2(4)][PF6],	
   [Ir(dmppz)2(4)][PF6]	
   and	
   [Ir(dmppz)2(5)][PF6]2	
   sharp	
  
proton	
   signals	
   in	
   the	
   NMR	
   spectra	
   are	
   observed,	
   as	
   these	
   do	
   not	
   have	
   different	
   NMR	
  
environments	
  and	
  do	
  not	
  coalesce.	
  
	
  
5.4. Solid	
  state	
  structures	
  
Crystals	
   of	
   good	
   X-­‐ray	
   quality	
   could	
   be	
   grown	
   for	
   compounds	
   [Ir(ppy)2(tpy)][PF6],	
  
[Ir(dmppz)2(tpy)][PF6]	
   [Ir(dmppz)2(4)][PF6]	
   and	
   [Ir(dmppz)2(5)][PF6]2.	
   Unfortunately	
   for	
  
[Ir(ppy)2(4)][PF6],	
  the	
  crystals	
  grew	
  in	
  very	
  thin	
  needles	
  yielding	
  a	
  structure	
  of	
  poor	
  quality.	
  
Table	
  5.1	
  Crystallographic	
  data	
  of	
  the	
  five	
  complexes.	
  
Compound	
   4{[Ir(ppy)2(tpy)][PF6]}.	
  
2.5C4H10O.1.5MeCN.	
  
3H2O	
  
[Ir(dmppz)2(tpy)][PF6]	
   2{[Ir(ppy)2(4)][PF6]}	
  
.C4H10O.CH2Cl2
	
  
[Ir(dmppz)2(4)]	
  
[PF6].CH2Cl2	
  
[Ir(dmppz)2(5)]	
  
[PF6]2.2CH2Cl2	
  
Formula	
   C161H143.5F24Ir4N21.5-­‐
O5.5P4	
  
C37H33F6IrN7P	
   C89H72Cl2F12Ir2-­‐
N12OP2	
  
C43H38Cl2F6IrN8P	
   C45H43Cl4F12IrN8P2	
  
Formula	
  weight	
  /	
  g	
  mol-­‐1	
  3816.16	
   912.89	
   2070.87	
   1074.90	
   1319.83	
  
Crystal	
  colour	
  and	
  habit	
   yellow	
  block	
   yellow	
  block	
   orange	
  needle	
   orange	
  block	
   red	
  block	
  
Crystal	
  system	
   triclinic	
   monoclinic	
   triclinic	
   triclinic	
   triclinic	
  
Space	
  group	
   P-­‐1	
   P21/n	
   P-­‐1	
   P-­‐1	
   P-­‐1	
  
a,	
  b,	
  c	
  /	
  Å	
   13.770(2)	
  
17.615(3)	
  
18.315(2)	
  
12.7713(7)	
  
21.4055(16)	
  
12.8079(8)	
  
10.641(2)	
  
18.025(4)	
  
21.629(4)	
  
10.8170(7)	
  
13.5418(8)	
  
14.6844(9)	
  
9.0099(16)	
  
14.026(3)	
  
20.222(5)	
  
α,	
  β,	
  γ/	
  o	
   85.763(12)	
  
85.821(11)	
  
64.441(11)	
  
90	
  
94.874(5)	
  
90	
  
88.86(3)	
  
82.15(3)	
  
81.97(3)	
  
94.081(2)	
  
100.297(2)	
  
103.316(2)	
  
101.420(16)	
  
96.000(16)	
  
99.536(14)	
  
U	
  /	
  Å3	
   4086.4(10)	
   3488.7(4)	
   4069.3(14)	
   2045.2(2)	
   2445.4(8)	
  
Dc	
  /	
  Mg	
  m–3	
   1.548	
   1.738	
   1.690	
   1.745	
   1.792	
  
Z	
   1	
   4	
   2	
   2	
   2	
  
µ(Mo-­‐Kα)	
  /	
  mm–1	
   3.372	
   3.944	
   3.457	
   -­‐	
   3.104	
  
µ(Cu-­‐Kα)	
  /	
  mm–1	
   -­‐	
   -­‐	
   -­‐	
   8.510	
   -­‐	
  
T/	
  K	
   173	
   173	
   173	
   123	
   173	
  
Refln.	
  collected	
  (Rint)	
   93421	
  (0.1519)	
   93669	
  (0.0726)	
   50153	
  (0.2647)	
   46149	
  (0.0286)	
   26234	
  (0.0704)	
  
Unique	
  refln.	
   16046	
   10141	
   14413	
   7238	
   10145	
  
Refln.	
  for	
  refinement	
   13628	
   9710	
   9184	
   7171	
   8551	
  
Parameters	
   1048	
   473	
   1084	
   554	
   682	
  
Threshold	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
  
R1	
  (R1	
  all	
  data)	
   0.0523	
  (0.0605)	
   0.0234	
  (0.0251)	
   0.0995	
  (0.1535)	
   0.0227	
  (	
  0.0229)	
   0.0442	
  (0.0600	
  
wR2	
  (wR2	
  all	
  data)	
   0.1393	
  (0.1464)	
   0.0575	
  (0.0582)	
   0.1963	
  (0.2328)	
   0.0596	
  (0.0598)	
   0.0879	
  (0.0926)	
  
Goodness	
  of	
  fit	
   1.080	
   1.167	
   1.043	
   1.100	
   1.042	
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5.4.1. [Ir(ppy)2(tpy)][PF6]	
  	
  
From	
   a	
   MeCN	
   solution	
   of	
   the	
   complex	
   layered	
   with	
   Et2O,	
   X-­‐ray	
   quality	
   crystals	
   of	
  
4{[Ir(ppy)2(tpy)][PF6]}.2.5Et2O.1.5MeCN.3H2O	
   were	
   grown	
   by	
   diffusion.	
   The	
   compound	
  
crystallizes	
  in	
  the	
  triclinic	
  space	
  group	
  P-­‐1	
  with	
  two	
  independent	
  cations	
  (labelled	
  A	
  and	
  B)	
  in	
  
the	
  asymmetric	
  unit.	
  Whereas	
  cation	
  A	
  is	
  in	
  the	
  Λ-­‐form,	
  cation	
  B	
  is	
  in	
  the	
  Δ-­‐form.	
  Cation	
  B	
  is	
  
depicted	
  in	
  Figure	
  5.4;	
  bond	
  lengths	
  and	
  angles	
  in	
  cation	
  A	
  are	
  very	
  similar	
  to	
  those	
  in	
  cation	
  
B.	
   The	
   atoms	
   Ir1A	
   and	
   Ir1B	
   are	
   in	
   octahedral	
   environments	
   and	
   the	
  N-­‐donors	
   of	
   the	
   two	
  
cyclometallating	
  [ppy]-­‐	
  ligands	
  are	
  in	
  a	
  trans-­‐arrangement.	
  The	
  N-­‐atoms	
  of	
  the	
  tpy	
  ligand	
  are	
  
trans	
  to	
  the	
  C-­‐atoms	
  of	
  the	
  [ppy]-­‐	
  ligands.	
  The	
  [ppy]-­‐	
  ligands	
  are	
  all	
  almost	
  planar	
  (angles	
  of	
  
the	
  least	
  squares	
  planes	
  within	
  each	
  [ppy]-­‐	
   ligand	
  are	
  below	
  6.2°).	
  This	
  is	
   in	
  contrast	
  to	
  the	
  
tpy	
   ligands	
  with	
   angles	
   between	
   the	
   least	
   squares	
   planes	
   of	
   the	
   bonded	
   pyridine	
   rings	
   of	
  
18.2	
  and	
  18.3°	
   (for	
  cation	
  A	
  and	
  B).	
  The	
  pendant	
  pyridine	
  ring	
   is	
   twisted	
  through	
  56.2	
  and	
  
62.0°	
  in	
  A	
  and	
  B,	
  with	
  respect	
  to	
  the	
  pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded.	
  This	
  non-­‐planarity	
  
allows	
  the	
  free	
  pyridine	
  ring	
  to	
  engage	
  in	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  with	
  one	
  of	
  
the	
  phenyl	
  rings	
  of	
  one	
  of	
  the	
  [ppy]-­‐	
  ligands.	
  The	
  inter-­‐centroid	
  separations	
  are	
  3.50	
  and	
  3.45	
  
Å	
  and	
  the	
  angle	
  between	
  the	
   least	
  squares	
  planes	
  are	
  11.0	
  and	
  7.23°.	
  All	
   these	
  values	
  are	
  
very	
   similar	
   to	
   the	
   stacking	
   interactions	
   in	
   [Ir(ppy)2(pbpy)][PF6]	
   (inter-­‐centroid	
   separations:	
  
3.48	
  Å;	
  twisting	
  angle:	
  7.5°).7	
  	
  
	
  
Figure	
   5.4	
   Structure	
   of	
   the	
   Δ-­‐[Ir(ppy)2(tpy)]
+	
   cation	
   (cation	
   B)	
   in	
   4{[Ir(ppy)2(tpy)][PF6]}.2.5Et2O.1.5MeCN.3H2O	
   with	
  
ellipsoids	
  plotted	
  at	
  50%	
  probability	
   level;	
  H	
  atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
   Ir1A–C27A:	
  
1.994(6),	
   Ir1A–C16A:	
   2.018(6),	
   Ir1A–N5A:	
   2.042(5),	
   Ir1A–N4A:	
   2.049(5),	
   Ir1A–N1A:	
   2.130(5),	
   Ir1A–N2A:	
   2.214(5);	
   N1A–
Ir1A–N2A:	
  76.4(2),	
  N4A–Ir1A–C16A:	
  80.3(2),	
  N5A–Ir1A–C27A:	
  81.1(2).	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1B–
C27B:	
   2.015(6),	
   Ir1B–C16B:	
   2.023(6),	
   Ir1B–N5B:	
   2.023(4),	
   Ir1B–N4B	
   2.033(4),	
   Ir1B–N1B:	
   2.128(5),	
   Ir1B–N2B:	
   2.220(5);	
  
N1B–Ir1B–N2B:	
  76.1(2),	
  N4B–Ir1B–C16B:	
  79.9(2),	
  N5B–Ir1B–C27B:	
  80.5(2).	
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The	
   crystal	
   packing	
   consists	
   of	
   parallel	
   layers	
   of	
   cations	
  which	
   are	
   alternated	
   by	
   layers	
   of	
  
anions	
  together	
  with	
  the	
  solvent	
  molecules.	
  The	
  layers	
  of	
  cations	
  consist	
  of	
  alternating	
  rows	
  
of	
  molecules	
  A	
  and	
  B.	
  Each	
  row	
  consists	
  of	
  alternating	
  molecules	
  of	
  Δ-­‐	
  and	
  Λ-­‐handedness.	
  
Figure	
  5.5	
  depicts	
  one	
  layer	
  of	
  the	
  cations.	
  	
  
	
  
Figure	
  5.5	
  Packing	
  interactions	
  of	
  [Ir(ppy)2(tpy)][PF6]	
   lead	
  to	
  layers	
  of	
  rows	
  of	
  molecules	
  A	
  (yellow)	
  and	
  B	
  (red).	
  Within	
  
each	
  row	
  the	
  cations	
  alternate	
  Δ-­‐	
  and	
  Λ-­‐handedness.	
  	
  
Meaningful	
   packing	
   interactions	
   consist	
   of	
   edge-­‐to-­‐face	
   π-­‐interactions.	
   These	
   interactions	
  
lead	
  to	
  a	
  grid-­‐like	
  array	
  of	
  the	
  molecules	
  in	
  [M(tpy)2]n+	
  complexes,8	
  but	
  instead	
  of	
  having	
  a	
  
complex	
   with	
   two	
   tridentate	
   ligands,	
   [Ir(ppy)2(tpy)][PF6]	
   has	
   three	
   bidentate	
   ligands.	
   The	
  
interactions	
  are	
  between	
  a	
  ring	
  containing	
  atom	
  C7B	
  and	
  a	
  ring	
  containing	
  atom	
  C31A	
  and	
  
between	
  a	
  ring	
  containing	
  atom	
  C7A	
  and	
  a	
  ring	
  containing	
  C31Bi	
  (symmetry	
  code	
  i	
  =	
  x,	
  y,	
  z	
  +	
  
1).	
   The	
   C-­‐H...phenyl	
   ring	
   centroid	
   distances	
   are	
   3.00	
   and	
   3.04	
  Å	
   and	
   the	
   C-­‐H	
   are	
   pointing	
  
directly	
  towards	
  the	
  centre	
  of	
  the	
  phenyl	
  ring.	
  These	
  distances	
  are	
  bigger	
  and	
  the	
  molecules	
  
are	
   less	
   densely	
   packed	
   than	
   in	
   crystal	
   structures	
   with	
   tpy	
   embrace	
   nets	
   reported	
   in	
   the	
  
literature.9,	
  10	
  
The	
   other	
   inter-­‐cation	
   contacts	
   are	
   out	
   of	
   the	
   range	
   for	
   distances	
   and	
   angles	
   to	
   be	
   π-­‐π	
  
interactions	
   as	
   discussed	
   by	
   Janiak.11	
   Additionally,	
   there	
   are	
   cation...anion	
   contacts	
  which	
  
stabilize	
  the	
  crystal	
  packing.	
  The	
  cations,	
  anions	
  and	
  one	
  Et2O	
  solvent	
  molecule	
  are	
  ordered	
  
and	
   the	
   other	
   solvent	
  molecules	
   were	
   calculated	
  with	
   fractional	
   occupancies:	
   the	
   second	
  
Et2O	
  molecules	
   with	
   25%,	
   the	
  MeCN	
  with	
   75%	
   and	
   the	
   three	
   water	
   molecules	
   with	
   50%	
  
occupancy	
  each.	
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5.4.2. [Ir(dmppz)2(tpy)][PF6]	
  	
  
X-­‐ray	
   quality	
   crystals	
   of	
   [Ir(dmppz)2(tpy)][PF6]	
   were	
   grown	
   from	
   a	
   solution	
   of	
   CH2Cl2	
   by	
  
diffusion.	
   The	
   structure	
   of	
   Δ-­‐[Ir(dmppz)2(tpy)]+	
   is	
   depicted	
   in	
   Figure	
   5.6.	
   The	
   complex	
  
crystallizes	
  in	
  the	
  monoclinic	
  space	
  group	
  P21/n	
  with	
  both	
  enantiomers	
  of	
  the	
  cation	
  in	
  the	
  
unit	
   cell.	
   The	
   atom	
   Ir1	
   is	
   in	
   an	
   octahedral	
   environment	
   and	
   the	
   N-­‐donors	
   of	
   the	
   two	
  
cyclometallating	
   ligands	
   are	
   in	
   a	
   trans-­‐arrangement.	
   The	
   cyclometallating	
   [dmppz]-­‐	
   ligands	
  
are	
  less	
  planar	
  than	
  the	
  [ppy]-­‐	
  ligands	
  in	
  [Ir(ppy)2(tpy)][PF6],	
  with	
  twisting	
  angles	
  of	
  the	
  least	
  
squares	
   planes	
   within	
   each	
   ligand	
   of	
   7.2	
   and	
   9.9°.	
   The	
   twisting	
   angle	
   between	
   the	
   two	
  
bonded	
  pyridine	
   rings	
   in	
   the	
   tpy	
   ligand	
   is	
  14.8°,	
  while	
   the	
  pendant	
  pyridine	
   ring	
   is	
   twisted	
  
about	
  69.6°	
  with	
  respect	
  to	
  the	
  pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded.	
  This	
  twisting	
  allows	
  the	
  
pendant	
  pyridine	
  ring	
  to	
  undergo	
  face-­‐to-­‐face	
  π-­‐stacking	
  with	
  the	
  phenyl	
  rings	
  of	
  one	
  of	
  the	
  
[dmppz]-­‐	
  ligands.	
  The	
  twisting	
  angle	
  between	
  the	
  least	
  squares	
  planes	
  of	
  the	
  involved	
  rings	
  is	
  
10.1°	
  with	
  an	
  inter-­‐centroid	
  distance	
  of	
  3.41	
  Å,	
  making	
  it	
  an	
  efficient	
  interaction.11	
  
	
  
Figure	
   5.6	
   Structure	
   of	
   the	
   Δ-­‐cation	
   B	
   of	
   [Ir(dmppz)2(tpy)]
+	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
   atoms	
  
omitted.	
   Selected	
   bond	
   lengths	
   (in	
  Å)	
   and	
   angles	
   (in	
   °):	
   Ir1–C16:	
   2.003(2),	
   Ir1–C27:	
   2.011(2),	
   Ir1–N6:	
   2.025(2),	
   Ir1–N4:	
  
2.028(2),	
  Ir1–N1:	
  2.140(2),	
  Ir1–N2:	
  2.221(2);	
  N1–Ir1–N2:	
  75.9(1),	
  N4–Ir1–C16:	
  79.6(1),	
  N6–Ir1–C27:	
  79.6(1).	
  	
  
The	
  crystal	
  packing	
  is	
  dominated	
  by	
  cation	
  –	
  anion	
  interactions	
  with	
  F...H	
  distances	
  between	
  
2.3	
  and	
  3.3	
  Å	
  (see	
  Figure	
  5.7).	
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Figure	
  5.7	
  Crystal	
  packing	
  within	
  [Ir(dmppz)2(tpy)][PF6].	
  The	
  arrows	
  point	
  at	
  the	
  intramolecular	
  π-­‐stacking	
  interactions.	
  
Both	
  ions	
  are	
  well	
  resolved	
  and	
  ordered	
  and	
  there	
  are	
  no	
  additional	
  solvent	
  molecules	
  in	
  the	
  
crystal	
  structure.	
  	
  
	
  
5.4.3. [Ir(ppy)2(4)][PF6]	
  
From	
   a	
   CH2Cl2	
   solution	
   of	
   the	
   complex	
   layered	
   with	
   Et2O,	
   X-­‐ray	
   quality	
   crystals	
   of	
  
2{[Ir(ppy)2(4)][PF6]}.Et2O.CH2Cl2	
  were	
  grown	
  by	
  diffusion.	
  There	
  are	
  two	
  independent	
  cations	
  
(labelled	
  A	
  and	
  B)	
  in	
  the	
  asymmetric	
  unit,	
  both	
  in	
  the	
  Λ-­‐form.	
  The	
  structure	
  of	
  the	
  Λ-­‐cation	
  
of	
   cation	
  B	
   is	
  depicted	
   in	
  Figure	
  5.8;	
  molecule	
  A	
   looks	
  very	
   similar.	
  The	
  crystals	
  were	
  very	
  
thin	
   needles	
   and	
   diffraction	
   was	
   extremely	
   weak,	
   leading	
   to	
   a	
   R	
   factor	
   relatively	
   high	
  
(9.95%).	
  	
  
The	
   complex	
   crystallizes	
   in	
   the	
   triclinic	
   centrosymmetric	
   P-­‐1	
   space	
   group	
   with	
   both	
  
enantiomers	
  of	
  cations	
  A	
  and	
  B	
  in	
  the	
  unit	
  cell.	
  Both	
  atoms	
  Ir1A	
  and	
  Ir1B	
  are	
  in	
  an	
  octahedral	
  
environment	
   and	
   the	
   N-­‐donors	
   of	
   the	
   two	
   cyclometallating	
   ligands	
   are	
   in	
   a	
   trans-­‐
arrangement.	
   All	
   cyclometallating	
   [ppy]-­‐	
   ligands	
   are	
   almost	
   planar,	
   with	
   a	
   twisting	
   angle	
  
between	
   the	
   least	
   squares	
   planes	
   below	
   4.4°.	
   This	
   is	
   in	
   contrast	
   to	
   the	
   tpy	
   ligands	
   with	
  
angles	
  between	
  the	
  least	
  squares	
  planes	
  of	
  the	
  two	
  bonded	
  pyridine	
  rings	
  of	
  17.7	
  and	
  20.0°	
  
in	
   cation	
  A	
   and	
  B.	
   The	
  pendant	
  pyridine	
   rings,	
   containing	
   atoms	
  N3A	
  and	
  N3B,	
   of	
   the	
   tpy	
  
ligands	
   are	
   twisted	
   through	
  47.8	
   and	
  50.7°	
  with	
   respect	
   to	
   the	
  bonded	
  pyridine	
   ring.	
   This	
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non-­‐planarity	
  allows	
  the	
  free	
  pyridine	
  ring	
  to	
  undergo	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  
with	
   one	
   of	
   the	
   phenyl	
   rings	
   of	
   one	
   of	
   the	
   cyclometallating	
   ligands.	
   The	
   inter-­‐centroid	
  
separations	
  are	
  3.56	
  and	
  3.54	
  Å	
  and	
  the	
  angles	
  between	
  the	
   least	
  squares	
  planes	
  are	
  14.5	
  
and	
   8.3°	
   in	
  molecule	
   A	
   and	
   B,	
   respectively.	
  Whereas	
   in	
   cation	
   B	
   the	
   interaction	
   is	
   highly	
  
efficient,	
  the	
  twisting	
  angle	
  in	
  cation	
  A	
  is	
  rather	
  big	
  as	
  discussed	
  by	
  Janiak11.	
  Janiak	
  sets	
  the	
  
limits	
  for	
  π-­‐stacking	
  interactions	
  at	
  3.8	
  Å	
  distance	
  and	
  a	
  twisting	
  angle	
  between	
  the	
  stacking	
  
rings	
  at	
  20°.	
  
The	
  4’-­‐pyridyl	
  rings,	
  containing	
  atoms	
  N4A	
  and	
  N4B,	
  are	
  twisted	
  through	
  25.6	
  and	
  21.8°	
  with	
  
respect	
  to	
  the	
  pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded.	
  	
  
	
  
Figure	
   5.8	
   Structure	
   of	
   Λ-­‐cation	
   of	
   2{[Ir(ppy)2(4)][PF6]}.Et2O.CH2Cl2	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
  
atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
  Ir1A–C32A:	
  1.945(2),	
  Ir1A–C21A:	
  1.996(2),	
  Ir1A–N6A:	
  
2.032(1),	
   Ir1A–N5A:	
   2.056(2),	
   Ir1A–N1A:	
   2.124(1),	
   Ir1A–N2A:	
   2.210(1);	
   ),	
   N1A–Ir1A–N2A:	
   74.9(5),	
   N5A–Ir1A–C21A:	
  
82.0(8),	
   N6A–Ir1A–C32A:	
   79.6(6).	
   Selected	
   bond	
   lengths	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1B–C32B:	
   1.93(2),	
   Ir1B–C21B:	
  
1.98(1),	
   Ir1B–N5B:	
  2.03(1),	
   Ir1B–N6B:	
  2.04(1),	
   Ir1B–N1B:	
  2.11(1),	
   Ir1B–N2B:	
  2.21(1);	
  N1B–Ir1B–N2B:	
  75.1(5),	
  N5B–Ir1B–
C21B:	
  80.6(6),	
  N6B–Ir1B–C32B:	
  80.2(6).	
  	
  
The	
   crystal	
   packing	
   is	
   dominated	
  by	
   interactions	
  between	
   cations	
   and	
   anions,	
   cations	
   and	
  
solvent	
  molecules,	
  anions	
  and	
  solvent	
  molecules	
  and	
  by	
   interactions	
  between	
  cations	
   (e.g.	
  
N4A...H12A-­‐C12Bi	
  at	
  a	
  distance	
  of	
  2.65	
  Å;	
  symmetry	
  code	
   i	
  =	
  1	
  –	
  x,	
   -­‐y,	
  1	
  –	
  z).	
  The	
  pendant	
  
pyridine	
   rings	
   are	
   not	
   involved	
   in	
   intermolecular	
   face-­‐to-­‐face	
   stacking	
   interactions.	
   The	
  
packing	
   interactions	
   lead	
   to	
   alternating	
   sheets	
   of	
   cations	
   A	
   and	
   B.	
  Within	
   the	
   sheets	
   the	
  
cations	
  are	
  of	
  alternating	
  handedness	
  (see	
  Figure	
  5.9).	
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Figure	
  5.9	
  Crystal	
  packing	
  of	
   [Ir(ppy)2(4)][PF6]	
   consists	
  of	
   alternating	
   sheets	
  of	
  molecules	
  A	
   (orange)	
   and	
  B	
   (red),	
   each	
  
with	
  alternating	
  Δ-­‐	
  and	
  Λ-­‐forms.	
  
All	
  the	
  molecules	
  are	
  ordered	
  and	
  both	
  solvent	
  molecules	
  are	
  with	
  full	
  occupancy.	
  	
  
	
  
5.4.4. [Ir(dmppz)2(4)][PF6]	
  	
  
From	
  a	
  CH2Cl2	
   solution	
  of	
   the	
   complex,	
   X-­‐ray	
  quality	
   crystals	
   of	
   [Ir(dmppz)2(4)][PF6].CH2Cl2	
  
were	
  grown	
  by	
  diffusion.	
  The	
  complex	
  crystallizes	
  in	
  the	
  triclinic	
  P-­‐1	
  space	
  group	
  with	
  both	
  
enantiomers	
   of	
   the	
   cation	
   in	
   the	
   unit	
   cell	
   and	
   the	
   Δ-­‐[Ir(dmppz)2(4)]+	
   cation	
   is	
   depicted	
   in	
  
Figure	
   5.10.	
   The	
   atom	
   Ir1	
   is	
   in	
   an	
   octahedral	
   environment	
   with	
   the	
   N-­‐donors	
   in	
   a	
   trans-­‐
arrangement.	
   Similar	
   to	
   [Ir(dmppz)2(tpy)][PF6]	
   (see	
   section	
  5.4.2),	
   the	
   [dmppz]-­‐	
   ligands	
   are	
  
less	
  planar	
   than	
  the	
   [ppy]-­‐	
   ligands	
   in	
  other	
  compounds.	
  Within	
   the	
  tpy	
   ligand,	
   the	
   twisting	
  
angles	
   and	
   distances	
   are	
   similar	
   to	
   [Ir(dmppz)2(tpy)][PF6].	
   The	
   angles	
   between	
   the	
   least	
  
squares	
  planes	
  of	
  the	
  phenyl	
  and	
  pyrazole	
  rings	
  are	
  5.8	
  and	
  8.6°.	
  The	
  twisting	
  angle	
  of	
  the	
  
bonded	
  pyridine	
   rings	
  within	
   the	
   tpy	
   ligand	
   is	
   17.2°.	
   The	
  pendant	
   pyridine	
   ring	
   of	
   the	
   tpy	
  
ligand,	
   containing	
  atom	
  N3,	
   is	
   twisted	
   through	
  62.7°	
  with	
   respect	
   to	
   the	
  pyridine	
   ring	
   it	
   is	
  
attached	
  to,	
  and	
  this	
  non-­‐planarity	
  allows	
  the	
  free	
  pyridine	
  ring	
  to	
  undergo	
   intramolecular	
  
face-­‐to-­‐face	
   π-­‐stacking	
  with	
   the	
   phenyl	
   ring	
   of	
   one	
   of	
   the	
   C^N	
   ligands.	
   The	
   inter-­‐centroid	
  
separation	
   is	
   3.55	
   Å	
   and	
   the	
   angle	
   between	
   the	
   least	
   squares	
   planes	
   is	
   8.0°,	
   making	
   it	
   a	
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highly	
  efficient	
  interaction.	
  The	
  4’-­‐pyridyl	
  ring,	
  containing	
  atom	
  N4,	
  is	
  twisted	
  through	
  14.4°	
  
with	
  respect	
  to	
  the	
  pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded.	
  This	
  value	
  is	
  significantly	
  smaller	
  than	
  
in	
  [Ir(ppy)2(4)][PF6].	
  
	
  
	
  
Figure	
   5.10	
   Structure	
   of	
   the	
   Δ-­‐cation	
   in	
   [Ir(dmppz)2(4)][PF6].CH2Cl2	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
  
atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
  Ir1–C21:	
  2.008(3),	
  Ir1–C32:	
  2.015(3),	
  Ir1–N7:	
  2.031(2),	
  
Ir1–N5:	
  2.051(2),	
  Ir1–N1:	
  1.134(2),	
  Ir1–N2:	
  2.206(2);	
  N1–Ir1–N2:	
  75.8(1),	
  N5–Ir1–C21:	
  79.6(1),	
  N7–Ir1–C32:	
  79.6(1).	
  
The	
   packing	
   interactions	
   between	
   the	
   cations	
   consist	
   of	
   hydrogen	
   bonds	
   between	
   atoms	
  
N3...H29Ai	
  (2.63	
  Å),	
  N3...H31Ai	
  (2.66	
  Å;	
  symmetry	
  code	
  i	
  =	
  2	
  –	
  x,	
  1	
  –	
  y,	
  1	
  –	
  z),	
  and	
  N4...H40Aii	
  
(2.70	
  Å;	
  symmetry	
  code	
  ii	
  =	
  x,	
  y,	
  z	
  –	
  1)	
  and	
  face-­‐to-­‐face	
  π-­‐stacking	
  interactions	
  between	
  the	
  
two	
   enantiomers	
   of	
   the	
   cation.	
   The	
   enantiomers	
   embrace	
   each	
   other	
   yielding	
   sheets	
   of	
  
cations	
  of	
  alternating	
  Δ-­‐	
  and	
  Λ-­‐cations	
  (see	
  Figure	
  5.11).	
  This	
  embracing	
  is	
  supported	
  by	
  C...H	
  
contacts	
  between	
  atoms	
  C19	
  and	
  H34Ai	
  (2.79	
  Å;	
  symmetry	
  code	
  i	
  =	
  2	
  –	
  x,	
  1	
  –	
  y,	
  1	
  –	
  z)	
  and	
  
between	
  atoms	
  C22	
  respectively	
  C23	
  and	
  H36Aiii	
  (2.74	
  and	
  2.76	
  Å	
  rsp.;	
  symmetry	
  code	
  iii	
  =	
  2	
  
–	
  x,	
  1	
  –	
  y,	
  2	
  –	
  z).	
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Figure	
  5.11	
  Packing	
  interactions	
  in	
  between	
  Δ-­‐	
  (purple)	
  and	
  Λ-­‐cations	
  (green)	
  of	
  [Ir(dmppz)2(4)]
+.	
  
There	
   are	
   intermolecular	
   CH...π	
   interactions	
  between	
   the	
  methyl	
   groups	
   and	
   the	
  pyrazole	
  
rings	
  of	
  the	
  [dmppz]-­‐	
  ligands,	
  containing	
  atoms	
  N5,	
  N6	
  and	
  C27i	
  (symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  1	
  –	
  
y,	
  1	
  –	
  z).	
  These	
  [dmppz]-­‐	
  ligands	
  are	
  not	
  involved	
  in	
  the	
  intramolecular	
  stacking	
  interactions.	
  
The	
   least	
   squares	
   planes	
   of	
   the	
   pyrazole	
   rings	
   are	
   parallel	
   (symmetry	
   imposed	
   by	
   an	
  
inversion	
  centre)	
  at	
  a	
  distance	
  of	
  3.61	
  Å	
  and	
  the	
  distance	
  between	
  a	
  centroid	
  and	
  the	
  carbon	
  
atom	
  of	
  the	
  methyl	
  group	
   is	
  3.72	
  Å	
  (see	
  Figure	
  5.12),	
  being	
  on	
  the	
  very	
  edge	
  of	
   the	
  range	
  
discussed	
  by	
  Janiak.11	
  	
  
	
  
Figure	
  5.12	
  Face-­‐to-­‐face	
  stacking	
  interactions	
  between	
  the	
  two	
  Δ-­‐	
  (purple)	
  and	
  Λ-­‐enantiomers	
  (green)	
  in	
  the	
  unit	
  cell	
  of	
  
[Ir(dmppz)2(4)][PF6].CH2Cl2.	
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The	
   arrangement	
   of	
   the	
   interacting	
   cations	
   in	
   the	
   crystal	
   consists	
   of	
   horizontal	
   sheets	
   of	
  
cations	
  with	
   alternating	
   Δ-­‐	
   and	
  Λ-­‐handedness	
   (see	
   Figure	
   5.13).	
   The	
   sheets	
   of	
   cations	
   are	
  
interleaved	
  by	
  anions	
  and	
  solvent	
  molecules.	
  The	
  anions	
  and	
  solvent	
  molecules	
  are	
  omitted	
  
but	
  would	
  be	
  between	
   the	
   layers	
  of	
   cations.	
   The	
   crystal	
  packing	
   interactions	
  are	
  between	
  
cations,	
  anions	
  and	
  CH2Cl2.	
  	
  
	
  
Figure	
   5.13	
   Sheets	
   of	
   cations	
   of	
   [Ir(dmppz)2(4)][PF6].CH2Cl2.	
   Between	
   the	
   layers	
   are	
   the	
   anions	
   and	
   solvent	
  molecules	
  
(omitted	
  for	
  clarity).	
  	
  
In	
  the	
  crystal	
  structure,	
  all	
  the	
  cation,	
  anions	
  and	
  solvent	
  molecules	
  are	
  ordered	
  and	
  in	
  full	
  
occupancy.	
  
	
  
5.4.5. [Ir(dmppz)2(5)][PF6]2	
  
From	
  a	
  CH2Cl2	
  solution	
  of	
  the	
  complex,	
  X-­‐ray	
  quality	
  crystals	
  of	
  [Ir(dmppz)2(5)][PF6]2.2CH2Cl2	
  
were	
   grown	
   by	
   diffusion.	
   The	
   Δ-­‐[Ir(dmppz)2(5)]+	
   cation	
   is	
   depicted	
   in	
   Figure	
   5.14.	
   The	
  
complex	
  crystallizes	
   in	
  the	
  triclinic	
  P-­‐1	
  space	
  group	
  with	
  both	
  enantiomers	
  of	
   the	
  cation	
   in	
  
the	
   unit	
   cell.	
   The	
   atom	
   Ir1	
   is	
   in	
   an	
   octahedral	
   environment	
  with	
   the	
  N-­‐donors	
   in	
   a	
   trans-­‐
arrangement.	
  Comparison	
  with	
  [Ir(dmppz)2(4)][PF6]	
  shows	
  the	
  following	
  differences.	
  One	
  of	
  
the	
  [dmppz]-­‐	
  ligands	
  is	
  almost	
  planar	
  with	
  an	
  angle	
  between	
  the	
  least	
  squares	
  planes	
  within	
  
the	
  two	
  rings	
  of	
  4.0°,	
  whereas	
  the	
  other	
  cyclometallating	
  ligand	
  is	
  twisted	
  about	
  13.5°.	
  The	
  
twisting	
  angle	
  of	
   the	
  bonded	
  pyridine	
  rings	
  within	
   the	
   tpy	
   ligand	
   is	
  8.3°.	
  This	
   is	
  half	
  of	
   the	
  
value	
  of	
   [Ir(dmppz)2(4)][PF6].	
   The	
  pendant	
  pyridine	
   ring	
  of	
   the	
   tpy	
   ligand,	
   containing	
  atom	
  
N3,	
  is	
  twisted	
  through	
  78.2°	
  with	
  respect	
  to	
  the	
  pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded.	
  This	
  non-­‐
planarity	
  allows	
  the	
  free	
  pyridine	
  ring	
  to	
  undergo	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  with	
  
one	
  of	
  the	
  phenyl	
  rings	
  of	
  the	
  C^N	
  ligands.	
  The	
  inter-­‐centroid	
  separation	
  is	
  3.44	
  Å	
  and	
  the	
  
angle	
  between	
  the	
  least	
  squares	
  planes	
  is	
  8.4°.	
  This	
  makes	
  it	
  an	
  efficient	
  interaction.	
  The	
  4’-­‐
pyridyl	
  ring,	
  containing	
  atom	
  N4,	
  is	
  twisted	
  through	
  36.1°	
  with	
  respect	
  to	
  the	
  pyridine	
  ring	
  to	
  
which	
  it	
  is	
  bonded,	
  compared	
  to	
  14.4°	
  within	
  [Ir(dmppz)2(4)][PF6]	
  and	
  21.8	
  and	
  25.6°	
  within	
  
[Ir(ppy)2(4)][PF6].	
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Figure	
  5.14	
  Structure	
  of	
   the	
  Δ-­‐cation	
   in	
   [Ir(dmppz)2(5)][PF6]2.2CH2Cl2	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
   level;	
  H	
  
atoms	
  omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
  Ir1–C33:	
  1.991(5),	
  Ir1–N5:	
  2.018(5),	
  Ir1–C22:	
  2.024(5),	
  
Ir1–N7:	
  2.045(5),	
  Ir1–N1:	
  2.152(4),	
  Ir1–N2:	
  2.214(4);	
  N1–Ir1–N2:	
  75.7(2),	
  N5–Ir1–C22:	
  79.3(2),	
  N7–Ir1–C33:	
  80.0(2).	
  
In	
  contrast	
  to	
  the	
  crystal	
  packing	
  of	
  [Ir(dmppz)2(4)][PF6],	
  in	
  [Ir(dmppz)2(5)][PF6]2	
  the	
  cations	
  
do	
   not	
   embrace	
   one	
   another.	
   There	
   are	
   intermolecular	
   π-­‐interactions	
   between	
   protons	
  
H42C	
  and	
  H42Ci	
  and	
  the	
  pyrazole	
  rings	
  of	
  the	
  [dmppz]-­‐	
  ligands,	
  containing	
  atoms	
  N7,	
  N8	
  and	
  
N7i	
  and	
  N8i	
  (symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  1	
  –	
  y,	
  1	
  –	
  z).	
  These	
  C^N	
  ligands	
  are	
  not	
  involved	
  in	
  the	
  
intramolecular	
   stacking	
   interactions.	
   The	
   least	
   squares	
   planes	
   of	
   the	
   pyrazole	
   rings	
   are	
  
parallel	
  (symmetry	
  imposed	
  by	
  an	
  inversion	
  centre)	
  at	
  a	
  distance	
  of	
  3.41	
  Å.	
  The	
  H...pyrazole	
  
ring	
   centroid	
   separation	
   is	
   2.65	
   Å	
   and	
   the	
   proton	
   is	
   pointing	
   towards	
   the	
   centre	
   of	
   the	
  
pyrazole	
  ring.	
  This	
  packing	
  interaction	
  leads	
  to	
  vertical	
  columns	
  of	
  cations	
  with	
  alternating	
  Δ-­‐	
  
and	
  Λ-­‐handedness	
  (see	
  Figure	
  5.15).	
  	
  
Packing	
  interactions	
  between	
  the	
  Me-­‐group	
  of	
  the	
  tpy	
  ligand	
  with	
  the	
  two	
  cyclometallating	
  
phenyl	
  rings	
  lead	
  to	
  rows	
  and	
  finally	
  to	
  sheets	
  of	
  cations	
  with	
  the	
  same	
  handedness	
  (some	
  
interaction	
  distances:	
  C21...C38i:	
  3.755(8),	
  C21...C24i:	
  3.391(9)	
  Å;	
  symmetry	
  code	
  i	
  =	
  x	
  –	
  1,	
  y	
  –	
  
1,	
   z).	
   The	
  holes	
  between	
   the	
   sheets	
   contain	
   the	
   anions	
   and	
   solvent	
  molecules	
   (see	
   Figure	
  
5.15).	
  The	
  F...H	
  distances	
  are	
  between	
  2.7	
  and	
  3.1	
  Å.	
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Figure	
  5.15	
  Packing	
  interactions	
  in	
  [Ir(dmppz)2(5)][PF6]2.	
  
The	
  cation,	
  anion	
  and	
  one	
  of	
  the	
  CH2Cl2	
  molecules	
  are	
  ordered,	
  whereas	
  the	
  second	
  CH2Cl2	
  
molecule	
  was	
  modelled	
  over	
  two	
  sites	
  with	
  occupancies	
  of	
  0.53	
  and	
  0.47.	
  
	
  
5.5. Photophysical	
  studies	
  
The	
   photophysical	
   behaviour	
   of	
   the	
   five	
   complexes	
   has	
   been	
  measured	
   in	
   aerated	
   CH2Cl2	
  
solutions.	
   The	
   electronic	
   absorption	
   spectra	
   of	
   [Ir(ppy)2(tpy)][PF6],	
   [Ir(dmppz)2(tpy)][PF6],	
  
[Ir(ppy)2(4)][PF6],	
   [Ir(dmppz)2(4)][PF6]	
   and	
   [Ir(dmppz)2(5)][PF6]2	
   are	
   comparable	
   (see	
   Figure	
  
5.16).	
  The	
  spectra	
  show	
  intense	
  bands	
   in	
  the	
  UV	
  region	
  at	
  250	
  to	
  300	
  nm	
  and	
  less	
   intense	
  
bands	
   at	
   lower	
   energy.	
   The	
   relatively	
   intense	
   bands	
   are	
   at	
   261	
   and	
   375	
   nm	
  
([Ir(ppy)2(tpy)][PF6]),	
   258	
   and	
   350	
   nm	
   ([Ir(ppy)2(4)][PF6]),	
   250,	
   290	
   and	
   350	
   nm	
  
([Ir(dmppz)2(tpy)][PF6]),	
  253,	
  320	
  and	
  350	
  nm	
  ([Ir(dmppz)2(4)][PF6])	
  and	
  256,	
  315	
  and	
  400	
  nm	
  
([Ir(dmppz)2(5)][PF6]2).	
   The	
   high	
   energy	
   absorption	
   bands	
   are	
   assigned	
   to	
   spin-­‐allowed	
  
ligand-­‐based	
  π*	
  	
  π	
  transitions.	
  The	
  less	
  intense,	
  lower	
  energy	
  absorptions	
  are	
  assigned	
  to	
  
typical	
  spin-­‐allowed	
  metal-­‐to-­‐ligand	
  charge	
  transfer	
  transitions	
  (MLCT).12,	
  13,	
  14	
  Comparison	
  of	
  
[Ir(ppy)2(tpy)][PF6]	
  with	
  [Ir(ppy)2(pbpy)][PF6]	
   indicates	
  only	
  a	
  small	
  effect	
  on	
  the	
  absorption	
  
spectrum,	
  when	
  changing	
  the	
  pendant	
  phenyl	
  ring	
  to	
  a	
  pyridine	
  ring.7	
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Figure	
  5.16	
  Absorption	
  spectra	
  of	
  the	
  four	
  red	
  emitting	
  complexes	
  in	
  CH2Cl2	
  (c	
  =	
  1.00	
  x	
  10
-­‐5	
  M).	
  
Excitation	
   between	
   250	
   to	
   260	
   nm	
   leads	
   to	
   orange	
   to	
   red	
   emissions	
   in	
   four	
   of	
   the	
   five	
  
complexes	
   (Figure	
   5.17).	
   Completely	
   different	
   is	
   the	
   emission	
   spectrum	
   of	
  
[Ir(dmppz)2(5)][PF6]2.	
  Starting	
  from	
  [Ir(dmppz)2(4)][PF6],	
  the	
  effect	
  of	
  the	
  methylation	
  of	
  the	
  
4’-­‐pyridyl	
  ring	
  did	
  not	
  lead	
  to	
  a	
  further	
  red	
  shift	
  in	
  the	
  emission	
  spectrum.	
  Excitation	
  at	
  260	
  
nm	
  leads	
  to	
  an	
  emission	
  maximum	
  at	
  358	
  nm.	
  	
  
The	
   emission	
   maxima	
   of	
   the	
   other	
   four	
   complexes	
   are	
   in	
   the	
   orange	
   region	
   590	
   nm	
  
([Ir(ppy)2(tpy)][PF6])	
   and	
  599	
  nm	
   ([Ir(dmppz)2(tpy)][PF6])	
   and	
   in	
   the	
   red	
   region	
  at	
   620,	
   640	
  
nm	
   ([Ir(ppy)2(4)][PF6])	
   and	
   642	
   nm	
   ([Ir(dmppz)2(4)][PF6]),	
   with	
   a	
   broad	
   and	
   unstructured	
  
shape	
  which	
  is	
  characteristic	
  of	
  complexes	
  containing	
  a	
  combination	
  of	
  neutral	
  diimine	
  and	
  
cyclometallating	
  ligands.	
  The	
  effect	
  of	
  the	
  [dmppz]-­‐	
  ligands	
  instead	
  of	
  the	
  [ppy]-­‐	
  ligands	
  is	
  a	
  
slight	
   red	
   shift.	
   Comparison	
   of	
   [Ir(ppy)2(tpy)][PF6]	
   with	
   [Ir(ppy)2(pbpy)][PF6]	
   shows	
   only	
  
minimal	
  effect	
  on	
  the	
  emission	
  spectrum	
  by	
  the	
  change	
  of	
  the	
  pbpy	
  ligand	
  to	
  the	
  tpy	
  ligand	
  
(590	
  nm	
  to	
  595	
  nm).7,	
  15	
  The	
  introduction	
  of	
  the	
  4’-­‐pyridyl	
  ring	
  and	
  therefore	
  the	
  extension	
  
of	
  the	
  aromatic	
  system	
  on	
  the	
  N^N	
  ligand,	
  leads	
  to	
  a	
  red-­‐shift	
  of	
  the	
  emission	
  maximum	
  of	
  
almost	
  50	
  nm.	
  There	
  are	
  only	
  a	
  few	
  iridium(III)	
  based	
  compounds	
  known	
  with	
  an	
  emission	
  
maximum	
  at	
  longer	
  wavelengths	
  up	
  to	
  687	
  nm.4,	
  13	
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Figure	
  5.17	
  Emission	
  spectra	
  of	
  the	
  orange	
  and	
  red	
  emitting	
  complexes	
  in	
  CH2Cl2.	
  	
  
Quantum	
  yield	
  measurements	
  were	
  performed	
  on	
  CH2Cl2	
  solutions	
  of	
  the	
  complexes.	
  Prior	
  
to	
   the	
   measurements,	
   the	
   solutions	
   were	
   degassed	
   with	
   argon	
   for	
   15	
   minutes.	
   All	
   the	
  
orange-­‐red	
   emitting	
   complexes	
   show	
   low	
   quantum	
   yield	
   values.	
   The	
   change	
   of	
   the	
  
cyclometallating	
  ligand	
  from	
  [ppy]-­‐	
  to	
  [dmppz]-­‐	
  enhances	
  the	
  quantum	
  yield.	
  Comparing	
  the	
  
influence	
   by	
   changing	
   the	
   pendant	
   phenyl	
   ring	
   to	
   a	
   pyridine	
   ring,	
   the	
   quantum	
   yield	
   is	
  
lowered	
  about	
  ⅓,	
   from	
  3%	
  to	
  1.7%.7	
  The	
  quantum	
  yield	
  of	
   the	
  deepest	
  red	
  emitter	
   in	
   the	
  
series	
   is	
   0.062	
   (λem	
   =	
   642	
   nm),	
   which	
   is	
   comparable	
   with	
   other	
   reported	
   red	
   emitting	
  
compounds	
  (λem	
  =	
  656	
  nm,	
  QY	
  =	
  0.20	
  and	
  λem	
  =	
  687	
  nm,	
  QY	
  =	
  0.02).4,	
  13,	
  14	
  	
  
	
  
5.6. Electrochemical	
  studies	
  
All	
   five	
   complexes	
   are	
   electrochemically	
   active.	
   The	
   complexes	
   have	
   been	
   measured	
   in	
  
CH2Cl2	
  solutions	
  with	
  0.1	
  M	
  [nBu4N][PF6]	
  supporting	
  electrolyte	
  at	
  a	
  scan	
  rate	
  of	
  0.1	
  V	
  s-­‐1.	
  The	
  
cyclic	
  voltammetric	
  data	
  with	
   respect	
   to	
   internal	
  Fc/Fc+	
  are	
  presented	
   in	
  Table	
  5.2.	
  Unless	
  
otherwise	
  stated,	
  the	
  electrochemical	
  processes	
  are	
  reversible	
  or	
  near-­‐reversible.	
  For	
  all	
  five	
  
complexes	
   the	
   reversible	
   or	
   quasi	
   reversible	
   oxidations	
   between	
   +0.79	
   and	
   +0.90	
   were	
  
assigned	
  to	
  an	
   iridium-­‐centred	
  process.	
  Upon	
  changing	
  pyridine	
  to	
  dimethylpyrazole	
   in	
  the	
  
C^N	
   ligand,	
   the	
  oxidation	
  potential	
   is	
   lowered	
  by	
  about	
  0.08	
  V.	
  This	
   is	
   in	
   line	
  with	
   the	
  red	
  
shift	
  in	
  the	
  emission	
  maxima	
  of	
  the	
  complexes.	
  	
  
All	
  five	
  complexes	
  show	
  ligand	
  centred	
  quasi	
  reversible	
  reduction	
  processes.	
  The	
  trend	
  upon	
  
the	
   introduction	
  of	
   the	
  pyridine	
   ring	
   shows	
  a	
  decrease	
  of	
   the	
   reduction	
  potential	
  of	
  more	
  
than	
  0.1	
  V,	
  which	
  is	
  also	
  consistent	
  with	
  the	
  red-­‐shift	
  in	
  the	
  emission	
  maxima	
  spectra.	
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Table	
  5.2	
  Cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  Fc/Fc+;	
  CH2Cl2	
  solutions	
  with	
  [
nBu4N][PF6]	
  supporting	
  electrolyte,	
  and	
  
scan	
  rate	
  of	
  0.1	
  V	
  s–1	
  (ir	
  =	
  irreversible;	
  qr	
  =	
  quasi-­‐reversible).	
  
Compound	
   E1/2ox	
  /	
  V	
   E1/2red	
  /	
  V	
   ΔE1/2	
  /	
  V	
  
[Ir(ppy)2(tpy)][PF6]	
   +0.90ir	
   –1.82qr	
   2.72	
  
[Ir(dmppz)2(tpy)][PF6]	
   +0.82ir	
   –1.87qr	
   2.69	
  
[Ir(ppy)2(4)][PF6]	
   +0.88ir	
   –1.71qr	
   2.59	
  
[Ir(dmppz)2(4)][PF6]	
   +0.79qr	
   –1.71qr	
   2.50	
  
[Ir(dmppz)2(5)][PF6]2	
   +0.88qr	
   –1.30qr,	
  –2.07ir	
   2.18	
  
	
  
The	
   ΔE1/2	
   values	
   of	
   the	
   complexes	
   are	
   in	
   accord	
   with	
   the	
   emission	
   maxima,	
   except	
  
[Ir(dmppz)2(5)][PF6]2.	
  The	
  smaller	
  this	
  value,	
  the	
  more	
  red-­‐shifted	
  is	
  the	
  emission	
  maximum	
  
of	
   the	
  complex.	
  Comparison	
  with	
  an	
   iridium(III)	
   compound	
  with	
   the	
  emission	
  maximum	
  at	
  
656	
  nm	
  and	
  the	
  corresponding	
  ΔE1/2	
  of	
  2.23	
  V	
  shows	
  that	
  the	
  measured	
  cyclic	
  voltammetric	
  
values	
  are	
  in	
  line	
  with	
  their	
  results.4	
  A	
  second	
  oxidation	
  around	
  +1	
  V	
  is	
  observed	
  in	
  all	
  five	
  
complexes.	
  It	
  appears	
  to	
  be	
  reasonable	
  to	
  assume	
  that	
  this	
  originates	
  from	
  the	
  oxidation	
  of	
  
chloride	
  ion.	
  
	
  
5.7. Device	
  performances	
  
The	
  photo-­‐	
  and	
  electroluminescent	
  properties	
  of	
  the	
  four	
  red	
  emitting	
  complexes	
  have	
  been	
  
tested	
  in	
  devices	
  (iTMC:[BMIM][PF6]	
  4:1,	
  see	
  Table	
  5.3).	
  Unfortunately,	
  not	
  all	
  performed	
  in	
  
devices	
   under	
   an	
   applied	
   bias.	
   The	
   photoluminescence	
   emission	
  maxima	
   are	
   comparable	
  
with	
   the	
   solution	
   emission	
   maxima	
   of	
   the	
   four	
   red-­‐emitting	
   complexes.	
   Under	
   applied	
  
current	
   (2	
   mA),	
   only	
   [Ir(ppy)2(tpy)][PF6]	
   and	
   [Ir(dmppz)2(tpy)][PF6]	
   exhibited	
  
electroluminescent	
   behaviour.	
   For	
   [Ir(ppy)2(4)][PF6]	
   a	
   higher	
   current	
   (4	
   mA)	
   had	
   to	
   be	
  
applied	
  and	
  the	
  emission	
  maximum	
  was	
  strongly	
  red-­‐shifted	
  compared	
  to	
  the	
  EL	
  of	
  the	
  other	
  
two	
  complexes	
  (see	
  Figure	
  5.18).	
  	
  
	
   	
   Red	
  emitters	
  
99	
  
	
  
400 500 600 700 800 900
	
  [Ir(ppy)2(tpy)][P F 6]
	
  [Ir(dmppz )2(tpy)][P F 6]
	
  [Ir(ppy)2(4)][P F 6]
In
te
ns
ity
	
  [a
.u
.]
W aveleng th	
  [nm] 	
  
Figure	
  5.18	
  Electroluminescence	
  spectra	
  of	
  the	
  complexes	
  [Ir(ppy)2(tpy)][PF6],	
  [Ir(dmppz)2(tpy)][PF6]	
  and	
  
[Ir(ppy)2(4)][PF6].	
  
This	
   is	
  often	
  observed	
  and	
  still	
  not	
  fully	
  explained	
  (see	
  Section	
  4.6).	
  The	
  photoluminescent	
  
quantum	
   yields	
   are	
   in	
   agreement	
   of	
   the	
   device	
   performances	
   (e.g.	
   EQE,	
   Table	
   5.3),	
   but	
  
overall	
  the	
  EQEs	
  are	
  very	
  low.	
  
	
  
Table	
  5.3	
  Device	
  performances	
  of	
  the	
  complexes.	
  *:	
  measured	
  under	
  a	
  current	
  of	
  4	
  mA	
  (instead	
  of	
  2	
  mA).	
  
iTMC	
   PL	
  λmax	
  
Solid	
  state	
  
PLQY	
  
turn	
  on	
  
time	
  ton	
  	
   EL	
  λmax	
  	
   EQE	
  
[Ir(ppy)2(tpy)][PF6]	
   590	
  nm	
   11.8%	
   <1min	
   598	
  nm	
   <0.1%	
  
[Ir(dmppz)2(tpy)][PF6]	
   597	
  nm	
   8.7%	
   30	
  min	
   600	
  nm	
   <0.1%	
  
[Ir(ppy)2(4)][PF6]	
   641	
  nm	
   4.8%	
   -­‐-­‐	
   695	
  nm*	
  	
   -­‐-­‐	
  
[Ir(dmppz)2(4)][PF6]	
   637	
  nm	
   6.6%	
   -­‐-­‐	
   -­‐-­‐	
   -­‐-­‐	
  
	
  
	
  
5.8. Conclusion	
  and	
  outlook	
  
The	
  synthesis	
  and	
  characterization	
  of	
   five	
  complexes	
  containing	
  tpy-­‐based	
  ancillary	
   ligands	
  
was	
  successful.	
  The	
  combined	
  modification	
  of	
  the	
  cyclometallating	
   ligand	
  by	
  the	
  change	
  of	
  
pyridine	
  to	
  dimethylpyrazole	
  and	
  the	
  extension	
  of	
  the	
  aromatic	
  system	
  going	
  from	
  a	
  bpy	
  to	
  a	
  
tpy	
  ligand	
  shifted	
  the	
  PL	
  emission	
  maxima	
  of	
  the	
  complexes	
  to	
  the	
  red	
  region	
  of	
  the	
  visible	
  
spectrum.	
   The	
   introduction	
   of	
   a	
   charge	
   on	
   ligand	
  4	
   through	
  methylation	
   of	
   the	
   4’-­‐pyridyl	
  
ring,	
  did	
  not	
  yield	
  a	
  further	
  red-­‐shift	
  of	
  the	
  emission	
  maximum.	
  	
  
Crystal	
  structures	
  of	
  all	
  compounds	
  were	
  determined	
  and	
  confirm	
  the	
   intramolecular	
  face-­‐
to-­‐face	
   π-­‐stacking	
   interaction	
   of	
   the	
   pendant	
   pyridine	
   ring,	
   similar	
   to	
   that	
   seen	
   with	
   a	
  
pendant	
  phenyl	
  ring	
  in	
  iridium(III)	
  complexes	
  incorporating	
  pbpy	
  derivatives	
  (see	
  Chapter	
  4).	
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In	
  addition,	
  the	
  free	
  nitrogen	
  of	
  the	
  pendant	
  pyridine	
  ring	
  undergoes	
  a	
  hydrogen	
  bridge	
  to	
  
the	
  proton	
  at	
  the	
  6	
  position	
  of	
  the	
  pyridine	
  ring	
  of	
  one	
  of	
  the	
  cyclometallating	
  ligands.	
  
The	
  four	
  orange-­‐red	
  emitting	
  complexes	
  have	
  been	
  sent	
  to	
  Valencia	
  for	
  further	
  investigation.	
  
Unfortunately	
  only	
  two	
  of	
  the	
  complexes	
  exhibited	
  electroluminescent	
  behaviour.	
  Therefore	
  
further	
  investigation	
  on	
  these	
  complexes	
  or	
  similar	
  red	
  emitting	
  compounds	
  is	
  needed.	
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5.9. Experimental	
  
5.9.1. [Ir(ppy)2(tpy)][PF6]	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (100.0	
  mg,	
  0.0933	
  mmol)	
  and	
  2,2':6’,2’’-­‐terpyridine	
  
(43.8	
   mg,	
   0.188	
   mmol)	
   in	
   methanol	
   (15	
   mL)	
   was	
   heated	
   in	
   a	
   microwave	
   reactor	
   for	
   30	
  
minutes	
  at	
  120°C	
  (P	
  =	
  13	
  bar).	
  The	
  orange	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  
and	
   solid	
   NH4PF6	
   (excess)	
   was	
   added.	
   The	
   mixture	
   was	
   stirred	
   for	
   30	
   minutes	
   at	
   room	
  
temperature	
   and	
   then	
   evaporated	
   to	
   dryness.	
   The	
   crude	
  material	
  was	
   purified	
   by	
   column	
  
chromatography	
  (Merck	
  aluminium	
  oxide	
  90;	
  CH2Cl2	
  changing	
  to	
  CH2Cl2:MeOH	
  =	
  100:5).	
  The	
  
solid	
  was	
  redissolved	
  in	
  dichloromethane	
  with	
  some	
  methanol	
  and	
  overlayered	
  with	
  diethyl	
  
ether	
   for	
   recrystallization.	
   [Ir(ppy)2(tpy)][PF6]	
   was	
   isolated	
   as	
   an	
   orange	
   solid	
   (78.4	
   mg,	
  
0.0892	
  mmol,	
  47.6%).1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.87	
  (s,	
  1H,	
  HB6),	
  8.54	
  (m,	
  2H,	
  
HF3+E3),	
  8.21	
  (d,	
  J	
  =	
  4.6	
  Hz,	
  1H,	
  HG6),	
  8.22	
  –	
  8.11	
  (m,	
  2H,	
  HF4+E4),	
  7.91	
  –	
  7.86	
  (m,	
  1H,	
  HB3),	
  7.84	
  
(d,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HD3),	
  7.81	
  (ddd,	
  J	
  =	
  8.5,	
  7.7,	
  1.6	
  Hz,	
  1H,	
  HB4),	
  7.81	
  –	
  7.74	
  (m,	
  2H,	
  HD4+E6),	
  
7.62	
  (dd,	
  J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HA3),	
  7.45	
  (dd,	
  J	
  =	
  7.7,	
  1.2	
  Hz,	
  1H,	
  HF5),	
  7.39	
  (m,	
  1H,	
  HD6+E5),	
  7.34	
  
(dd,	
  J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HC3),	
  7.18	
  –	
  7.11	
  (m,	
  1H,	
  HB5),	
  7.12	
  (td,	
  J	
  =	
  7.7,	
  1.7	
  Hz,	
  1H,	
  HG4),	
  7.01	
  –	
  
6.93	
  (m,	
  2H,	
  HA4+D5),	
  6.92	
  (ddd,	
  J	
  =	
  7.6,	
  4.9,	
  1.0	
  Hz,	
  1H,	
  HG5),	
  6.76	
  (td,	
  J	
  =	
  7.5,	
  1.4	
  Hz,	
  1H,	
  HA5),	
  
6.67	
  –	
  6.60	
  (m,	
  1H,	
  HC4),	
  6.53	
  (d,	
  J	
  =	
  7.7	
  Hz,	
  1H,	
  HG3),	
  6.33	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC5),	
  5.89	
  
(dd,	
   J	
   =	
   7.7,	
   0.9	
  Hz,	
   1H,	
  HA6),	
   5.47	
  –	
   5.44	
   (m,	
   1H,	
  HC6).	
   13C	
  NMR	
   (126	
  MHz,	
   CD2Cl2,	
   298	
  K)	
  
δ/ppm	
  168.7	
   (CD2),	
  167.0	
   (CB2),	
  163.4	
   (CF6),	
  157.5	
   (CE2),	
  157.4	
   (CF2),	
  156.4	
   (CG2),	
  152.9	
   (CB6),	
  
150.9	
   (CE6),	
   150.4	
   (CC1),	
   148.7	
   (CG6),	
   148.4	
   (CD6),	
   146.7	
   (CA1),	
   143.6	
   (CA2),	
   142.9	
   (CC2),	
   140.4	
  
(CF4),	
   139.9	
   (CE4),	
   138.7	
   (CD4),	
   138.6	
   (CB4),	
   136.9	
   (CG4),	
   132.9	
   (CC6),	
   131.1	
   (CA6),	
   131.0	
   (CA5),	
  
130.5	
   (CC5),	
   129.5	
   (CF5),	
   128.2	
   (CE5),	
   125.8	
   (CE3),	
   125.2	
   (CA3),	
   124.7	
   (CG5),	
   124.6	
   (CF3),	
   124.4	
  
(CC3),	
  123.3	
  (CB5),	
  123.2	
  (2C,	
  CA4+D5),	
  123.1	
  (CG3),	
  121.3	
  (CC4),	
  119.9	
  (CD3),	
  119.8	
  (CB3).	
  IR	
  (solid,	
  
ν/cm-­‐1):	
   3090	
   (w),	
   2921	
   (w),	
   2852	
   (w),	
   2350	
   (w),	
   1778	
   (w),	
   1608	
   (m),	
   1583	
   (m),	
   1478	
   (m),	
  
1452	
  (m),	
  1420	
  (m),	
  1317	
  (w),	
  1270	
  (w),	
  1155	
  (s),	
  1137	
  (s),	
  1065	
  (w),	
  1030	
  (w),	
  991	
  (w),	
  955	
  
(w),	
  886	
  (w),	
  836	
  (s),	
  825	
  (s),	
  775	
  (m),	
  757	
  (s),	
  739	
  (m),	
  729	
  (m),	
  722	
  (m),	
  697	
  (m),	
  630	
  (m),	
  
602	
   (s).	
  MS	
   (ESI,	
   m/z):	
   734.2	
   [M-­‐PF6]+	
   (calc.	
   734.2).	
  UV-­‐Vis	
   λ	
   /	
   nm	
   (ε	
   /	
   dm3	
   mol–1	
   cm–1)	
  
(CH2Cl2,	
  2.50	
  ×	
  10–5	
  mol	
  dm-­‐3):	
  261	
  (48’700),	
  375	
  (6'100).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  2.50	
  x	
  10-­‐
5	
  mol	
  dm-­‐3,	
  λex	
  =	
  260	
  nm):	
  λem	
  =	
  590	
  nm.	
  Quantum	
  yield	
  (CH2Cl2,	
  degassed	
  with	
  argon,	
  λex	
  =	
  
255	
   nm,	
   integration	
   range:	
   540	
   –	
   800	
   nm):	
   0.017.	
   Elem.	
   Anal.	
   calcd.	
   for	
  
Chapter	
  5	
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C37H27N5IrPF6.0.25H2O	
   (883.33)	
   C	
   50.31,	
   H	
   3.14,	
   N,	
   7.93;	
   found	
   C	
   50.31,	
   H	
   3.16,	
   N	
   7.97.	
  
Electrochemistry	
  vs.	
  Fc/Fc+:	
  E1ox:	
  +0.90	
  V/ir,	
  E1red:	
  -­‐1.89	
  V/-­‐1.74q	
  V.	
  
	
  
5.9.2. [Ir(dmppz)2(tpy)][PF6]	
  
	
  
A	
   yellow	
   suspension	
   of	
   [Ir2(dmppz)4(µ-­‐Cl)2]	
   (114.0	
   mg,	
   0.100	
   mmol)	
   and	
   2,2':6’,2’’-­‐
terpyridine	
  (46.9	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  
for	
  1	
  hour	
  at	
  120°C	
  (P	
  =	
  14	
  bar).	
  The	
  orange	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  
and	
   solid	
   NH4PF6	
   (excess)	
   was	
   added.	
   The	
   mixture	
   was	
   stirred	
   for	
   1	
   hour	
   at	
   room	
  
temperature	
   and	
   then	
   evaporated	
   to	
   dryness.	
   The	
   crude	
  material	
  was	
   purified	
   by	
   column	
  
chromatography	
   (Merck	
   aluminium	
   oxide	
   90;	
   CH2Cl2	
   changing	
   to	
   CH2Cl2:MeOH	
   =	
   100:5).	
  
[Ir(dmppz)2(tpy)][PF6]	
   was	
   isolated	
   as	
   an	
   orange	
   solid	
   (179.2	
  mg,	
   196.2	
  mmol,	
   98.1%).	
   1H	
  
NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.55	
  (dd,	
  J	
  =	
  8.2,	
  1.3	
  Hz,	
  1H,	
  HF3),	
  8.51	
  (d,	
  J	
  =	
  8.2	
  Hz,	
  
1H,	
  HE3),	
  8.24	
  (t,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HF4),	
  8.11	
  –	
  8.06	
  (m,	
  2H,	
  HE4+G6),	
  7.76	
  (ddd,	
  J	
  =	
  5.5,	
  1.6,	
  0.7	
  Hz,	
  
1H,	
  HE6),	
  7.48	
  (dd,	
  J	
  =	
  7.7,	
  1.3	
  Hz,	
  1H,	
  HF5),	
  7.35	
  (ddd,	
  J	
  =	
  7.6,	
  5.5,	
  1.2	
  Hz,	
  1H,	
  HE5),	
  7.29	
  (dd,	
  J	
  =	
  
8.2,	
  1.0	
  Hz,	
  1H,	
  HA3),	
  7.14	
  (td,	
  J	
  =	
  7.7,	
  1.7	
  Hz,	
  1H,	
  HG4),	
  6.97	
  (ddd,	
  J	
  =	
  8.1,	
  7.4,	
  1.4	
  Hz,	
  1H,	
  HA4),	
  
6.92	
  (dd,	
  J	
  =	
  8.2,	
  0.8	
  Hz,	
  1H,	
  HC3),	
  6.88	
  –	
  6.83	
  (m,	
  2H,	
  HG5),	
  6.73	
  (td,	
  J	
  =	
  7.5,	
  1.2	
  Hz,	
  1H,	
  HA5),	
  
6.57	
  (ddd,	
  J	
  =	
  8.2,	
  7.4,	
  1.4	
  Hz,	
  1H,	
  HC4),	
  6.42	
  (td,	
  J	
  =	
  7.4,	
  1.1	
  Hz,	
  1H,	
  HC5+G3),	
  6.15	
  (s,	
  1H,	
  HD4),	
  
6.05	
  (s,	
  1H,	
  HB4),	
  5.99	
  (dd,	
  J	
  =	
  7.6,	
  1.4	
  Hz,	
  1H,	
  HA6),	
  5.74	
  (dd,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC6),	
  2.79	
  (s,	
  
3H,	
  HCH3-­‐D3),	
  2.69	
  (s,	
  3H,	
  HCH3-­‐B3),	
  1.81	
  (s,	
  3H,	
  HCH3-­‐B5),	
  1.52	
  (s,	
  3H,	
  HCH3-­‐D5).	
  13C	
  NMR	
  (126	
  MHz,	
  
CD2Cl2,	
  298	
  K)	
  δ/ppm	
  164.4	
  (CF6),	
  157.8	
  (CF2),	
  157.6	
  (CE2),	
  154.9	
  (CG2),	
  150.8	
  (CB5),	
  150.5	
  (CD5),	
  
150.4	
   (CE6),	
   148.9	
   (CG6),	
   144.6	
   (CC2),	
   144.4	
   (CA2),	
   142.0	
   (CB3),	
   141.5	
   (CD3),	
   140.4	
   (CF4),	
   139.7	
  
(CE4),	
   135.7	
   (CG4),	
   134.4	
   (CC6),	
   133.2	
   (CC1),	
   133.0	
   (CA6),	
   130.8	
   (CA1),	
   130.3	
   (CF5),	
   128.0	
   (CE5),	
  
126.2	
   (CA5),	
   125.3	
   (CE3),	
   124.9	
   (CC5),	
   124.6	
   (CG5),	
   123.9	
   (2C,	
  CA4+F3),	
   123.1	
   (CG3),	
   121.9	
   (CC4),	
  
113.2	
   (CA3),	
   112.6	
   (CC3),	
   110.8	
   (CB4),	
   110.5	
   (CD4),	
   15.1	
   (CCH3-­‐D3),	
   14.8	
   (CCH3-­‐B3),	
   12.9	
   (CCH3-­‐D5),	
  
12.5	
  (CCH3-­‐B5).	
  IR	
  (solid,	
  ν/cm-­‐1):	
  2920	
  (w),	
  2366	
  (w),	
  1988	
  (w),	
  1696	
  (w),	
  1604	
  (w),	
  1568	
  (w),	
  
1553	
  (m),	
  1471	
  (m),	
  1445	
  (w),	
  1428	
  (w),	
  1397	
  (w),	
  1372	
  (w),	
  1312	
  (w),	
  1296	
  (w),	
  1274	
  (w),	
  
1234	
  (w),	
  1192	
  (w),	
  1167	
  (w),	
  1150	
  (w),	
  1122	
  (w),	
  1075	
  (w),	
  1036	
  (w),	
  992	
  (w),	
  925	
  (w),	
  906	
  
(w),	
  884	
  (w),	
  835	
  (s),	
  823	
  (m),	
  771	
  (w),	
  744	
  (m),	
  732	
  (m),	
  717	
  (m),	
  691	
  (w),	
  636	
  (m).	
  MS	
  (ESI,	
  
m/z):	
  768.2	
  [M-­‐PF6]+	
  (calc.	
  768.2).	
  UV-­‐Vis	
  λ	
  /	
  nm	
  (ε	
  /	
  dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  2.50	
  ×	
  10–5	
  mol	
  
dm-­‐3):	
  250	
  (53’000),	
  290	
  (33’300),	
  350	
  (7’200).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  2.50	
  x	
  10-­‐5	
  mol	
  dm-­‐
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3,	
  λex	
  =	
  250	
  nm):	
  λem	
  =	
  599	
  nm.	
  Elem.	
  Anal.	
  calcd.	
  for	
  C37H33N7IrPF6·∙0.5H2O	
  (921.89)	
  C	
  48.20,	
  
H	
   3.72,	
   N,	
   10.64;	
   found	
   C	
   48.15,	
   H	
   3.60,	
   N	
   10.55.	
  Quantum	
   yield	
   (CH2Cl2,	
   degassed	
   with	
  
argon,	
   λex	
   =	
  250	
  nm,	
   integration	
   range:	
   520	
  –	
  800	
  nm):	
   0.075.	
  Electrochemistry	
   vs.	
   Fc/Fc+:	
  
E1ox:	
  +0.82	
  V/ir,	
  E1red:	
  -­‐1.95	
  V/-­‐1.78q	
  V.	
  
	
  
5.9.3. [Ir(ppy)2(4)][PF6]	
  	
  
	
  
A	
  yellow	
  suspension	
  of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.6	
  mg,	
  0.100	
  mmol)	
  and	
  4’-­‐pyridine-­‐2,2':6’,2’’-­‐
terpyridine	
  (62.4	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  
for	
  30	
  minutes	
  at	
  120°C	
  (P	
  =	
  14	
  bar).	
  The	
  red	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  
and	
   solid	
   NH4PF6	
   (excess)	
   was	
   added.	
   The	
   mixture	
   was	
   stirred	
   for	
   1	
   hour	
   at	
   room	
  
temperature,	
  filtered	
  and	
  washed	
  with	
  water	
  (3	
  x	
  25	
  mL)	
  and	
  diethyl	
  ether	
  (3	
  x	
  25	
  mL).	
  The	
  
red	
  solid	
  was	
  redissolved	
  in	
  dichloromethane	
  with	
  some	
  methanol	
  and	
  overlayered	
  with	
  n-­‐
hexane	
   for	
   recrystallization	
   twice.	
   After	
   washing	
   with	
   diethyl	
   ether	
   [Ir(ppy)2(4)][PF6]	
   was	
  
isolated	
   as	
   a	
   red	
   solid	
   (145	
   mg,	
   0.152	
   mmol,	
   76.1%).	
   1H	
   NMR	
   (500	
   MHz,	
   CD2Cl2,	
   298	
   K)	
  
δ/ppm	
  8.94	
  (d,	
  J	
  =	
  4.3	
  Hz,	
  1H,	
  HB6),	
  8.80	
  (d,	
  J	
  =	
  2.0	
  Hz,	
  1H,	
  HF3),	
  8.79	
  (dd,	
  J	
  =	
  4.5,	
  1.7	
  Hz,	
  2H,	
  
HH2),	
  8.75	
  (d,	
  J	
  =	
  8.3	
  Hz,	
  1H,	
  HE3),	
  8.25	
  (d,	
  J	
  =	
  4.4	
  Hz,	
  1H,	
  HG6),	
  8.22	
  –	
  8.17	
  (m,	
  1H,	
  HE4),	
  7.91	
  
(ddd,	
   J	
   =	
   8.3,	
   1.3,	
   0.7	
   Hz,	
   1H,	
   HB3),	
   7.86	
   (d,	
   J	
   =	
   7.9	
   Hz,	
   1H,	
   HD3),	
   7.84	
   –	
   7.75	
   (m,	
   5H,	
  
HB4+D4+E6+H3),	
  7.67	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF5),	
  7.64	
  (dd,	
  J	
  =	
  7.9,	
  1.2	
  Hz,	
  1H,	
  HA3),	
  7.44	
  (ddd,	
  J	
  =	
  5.9,	
  
1.2,	
  0.5	
  Hz,	
  1H,	
  HD6),	
  7.42	
  (ddd,	
  J	
  =	
  7.6,	
  5.5,	
  1.2	
  Hz,	
  1H,	
  HE5),	
  7.37	
  (dd,	
  J	
  =	
  7.8,	
  1.1	
  Hz,	
  1H,	
  HC3),	
  
7.18	
  –	
  7.11	
  (m,	
  2H,	
  HB5+G4),	
  7.02	
  –	
  6.92	
  (m,	
  3H,	
  HA4+D5+G5),	
  6.77	
  (td,	
  J	
  =	
  7.5,	
  1.4	
  Hz,	
  1H,	
  HA5),	
  
6.65	
  (ddd,	
  J	
  =	
  7.8,	
  7.3,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.60	
  (d,	
  J	
  =	
  7.7	
  Hz,	
  1H,	
  HG3),	
  6.34	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  
1H,	
  HC5),	
  5.90	
  (dd,	
  J	
  =	
  7.7,	
  0.8	
  Hz,	
  1H,	
  HA6),	
  5.47	
  (dd,	
  J	
  =	
  7.6,	
  0.8	
  Hz,	
  1H,	
  HC6).	
  13C	
  NMR	
  (126	
  
MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  168.6	
  (CD2),	
  167.0	
  (CB2),	
  164.2	
  (CF6),	
  158.6	
  (CF2),	
  156.9	
  (CE2),	
  156.2	
  
(CG2),	
   152.9	
   (CB6),	
   151.1	
   (CH2),	
   150.9	
   (CE6),	
   150.3	
   (CC1),	
   149.3	
   (CH4),	
   148.9	
   (CG6),	
   148.5	
   (CD6),	
  
146.9	
   (CA1),	
   143.6	
   (2C,	
  CA2+F4),	
   142.9	
   (CC2),	
   140.0	
   (CE4),	
   138.7,	
   (CD4)	
   138.6	
   (CB4),	
   136.7	
   (CG4),	
  
132.9	
   (CC6),	
   131.1	
   (CA6),	
   131.0	
   (CA5),	
   130.5	
   (CC5),	
   128.5	
   (CE5),	
   126.9	
   (CF5),	
   126.3	
   (CE3),	
   125.2	
  
(CA3),	
   124.8	
   (CG5),	
   124.3	
   (CC3),	
   123.4	
   (2C,	
  CA4+B5),	
   123.3	
   (CD5)	
   123.2	
   (CG3),	
   122.2	
   (CH3),	
   122.1	
  
(CF3),	
   121.4	
   (CC4),	
   120.0	
   (CD3),	
   119.9	
   (CB3).	
   IR	
   (solid,	
   ν/cm-­‐1):	
   3043	
   (w),	
   2344	
   (w),	
   1607	
   (m),	
  
1583	
  (m),	
  1535	
  (w),	
  1477	
  (m),	
  1439	
  (w),	
  1419	
  (m),	
  1398	
  (m),	
  1316	
  (w),	
  1270	
  (w),	
  1228	
  (w),	
  
1164	
  (w),	
  1065	
  (w),	
  1031	
  (w),	
  993	
  (w),	
  879	
  (w),	
  828	
  (s),	
  788	
  (m),	
  754	
  (m),	
  728	
  (m),	
  668	
  (m),	
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624	
  (m),	
  602	
  (m).	
  MS	
  (ESI,	
  m/z):	
  811.3	
  [M-­‐PF6]+	
  (calc.	
  810.9).	
  UV-­‐Vis	
  λ/nm	
  (ε	
  /	
  dm3	
  mol–1	
  cm–
1)	
  (CH2Cl2,	
  2.50	
  ×	
  10–5	
  mol	
  dm-­‐3):	
  258	
  (68’100),	
  350	
  (11’400).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  2.50	
  x	
  
10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  250	
  nm):	
  λem	
  =	
  620	
  and	
  640	
  nm.	
  Quantum	
  yield	
  (CH2Cl2,	
  degassed	
  with	
  
argon,	
   λex	
   =	
   260	
   nm,	
   integration	
   range:	
   540	
   –	
   800	
   nm):	
   0.029.	
   Elem.	
   Anal.	
   calcd.	
   for	
  
C42H32N6IrPF6.H2O	
   (973.9)	
   C	
   51.80,	
   H	
   3.31,	
   N,	
   8.63;	
   found	
   C	
   51.85,	
   H	
   3.23,	
   N	
   8.64.	
  
Electrochemistry	
  vs.	
  Fc/Fc+:	
  E1ox:	
  +0.88	
  V/irr,	
  E1red:	
  -­‐1.81	
  V/-­‐1.60q	
  V.	
  
	
  
5.9.4. [Ir(dmppz)2(4)][PF6]	
  	
  
	
  
A	
   yellow	
   suspension	
   of	
   [Ir2(dmppz)4(µ-­‐Cl)2]	
   (114.0	
   mg,	
   0.100	
   mmol)	
   and	
   4’-­‐pyridine-­‐
2,2':6’,2’’-­‐terpyridine	
  (62.4	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  
reactor	
   for	
   30	
  minutes	
   at	
   120°C	
   (P	
   =	
   11	
   bar).	
   The	
   red	
   solution	
  was	
   then	
   cooled	
   to	
   room	
  
temperature,	
  and	
  solid	
  NH4PF6	
  (excess)	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  30	
  minutes	
  
at	
  room	
  temperature.	
  As	
  no	
  precipitation	
  occurred	
  an	
  excess	
  of	
  AgPF6	
  was	
  added	
  and	
  stirred	
  
for	
  further	
  30	
  minutes,	
  followed	
  by	
  evaporation	
  to	
  dryness.	
  The	
  crude	
  material	
  was	
  purified	
  
twice	
   by	
   column	
   chromatography	
   (Merck	
   aluminium	
  oxide	
   90	
   followed	
   by	
   Fluka	
   Silica	
   60;	
  
CH2Cl2	
   changing	
   to	
   CH2Cl2:MeOH	
   =	
   100:5).	
   [Ir(dmppz)2(4)][PF6]	
   was	
   isolated	
   as	
   red	
   solid	
  
(135.0	
  mg,	
  0.136	
  mmol,	
  68.0%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.84	
  –	
  8.82	
  (m,	
  2H,	
  
HH2),	
  8.79	
  (d,	
  J	
  =	
  2.0	
  Hz,	
  1H,	
  HF3),	
  8.72	
  (d,	
  J	
  =	
  8.2	
  Hz,	
  1H,	
  HE3),	
  8.16	
  –	
  8.11	
  (m,	
  2H,	
  HE4+G6),	
  7.84	
  
–	
  7.81	
  (m,	
  2H,	
  HH3),	
  7.79	
  (ddd,	
  J	
  =	
  5.5,	
  1.6,	
  0.7	
  Hz,	
  1H,	
  HE6),	
  7.72	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF5),	
  7.39	
  
(ddd,	
  J	
  =	
  7.6,	
  5.5,	
  1.2	
  Hz,	
  1H,	
  HE5),	
  7.31	
  (dd,	
  J	
  =	
  8.2,	
  1.0	
  Hz,	
  1H,	
  HA3),	
  7.16	
  (td,	
  J	
  =	
  7.7,	
  1.7	
  Hz,	
  
1H,	
  HG4),	
  6.98	
  (ddd,	
  J	
  =	
  8.2,	
  7.4,	
  1.4	
  Hz,	
  1H,	
  HA4),	
  6.93	
  (dd,	
  J	
  =	
  8.2,	
  0.8	
  Hz,	
  1H,	
  HC3),	
  6.88	
  (ddd,	
  J	
  
=	
  7.7,	
  4.9,	
  1.1	
  Hz,	
  1H,	
  HG5),	
  6.74	
  (td,	
  J	
  =	
  7.5,	
  1.2	
  Hz,	
  1H,	
  HA5),	
  6.58	
  (ddd,	
  J	
  =	
  8.2,	
  7.4,	
  1.4	
  Hz,	
  
1H,	
  HC4),	
  6.50	
  (s,	
  1H,	
  HG3),	
  6.44	
  (td,	
  J	
  =	
  7.4,	
  1.1	
  Hz,	
  1H,	
  HC5),	
  6.15	
  (s,	
  1H,	
  HD4),	
  6.06	
  (s,	
  1H,	
  HB4),	
  
6.00	
  (dd,	
  J	
  =	
  7.6,	
  1.4	
  Hz,	
  1H,	
  HA6),	
  5.76	
  (dd,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC6),	
  2.79	
  (s,	
  3H,	
  HCH3-­‐D3),	
  2.70	
  
(s,	
  3H,	
  HCH3-­‐B3),	
  1.90	
  (s,	
  3H,	
  HCH3-­‐B5),	
  1.54	
  (s,	
  3H,	
  HCH3-­‐D5).	
  13C	
  NMR	
   (126	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  
δ/ppm	
  165.1	
   (CF6),	
  159.0	
   (CF2),	
  157.3	
   (CE2),	
  154.7	
   (CG2),	
  151.4	
   (CH2),	
  150.8	
   (CB5),	
  150.6	
   (CE6),	
  
150.5	
   (CD5),	
   149.4	
   (CH4),	
   149.1	
   (CG6),	
   144.6	
   (CC2),	
   144.4	
   (CA2),	
   143.5	
   (CF4),	
   142.1	
   (CB3),	
   141.5	
  
(CD3),	
  139.9	
   (CE4),	
  135.7	
   (CG4),	
  134.5	
   (CC6),	
  133.2	
   (CC1),	
  133.0	
   (CA6),	
  130.8	
   (CA1)2,	
  128.3	
   (CE5),	
  
127.7	
   (CF5),	
   126.3	
   (CA5),	
   125.6	
   (CE3),	
   125.0	
   (CC5),	
   124.8	
   (CG5),	
   124.0	
   (CA4),	
   123.2	
   (CG3),	
   122.1	
  
(CH3),	
  122.0	
  (CC4),	
  121.4	
  (CF3),	
  113.3	
  (CA3),	
  112.6	
  (CC3),	
  110.9	
  (CB4),	
  110.5	
  (CD4),	
  15.1	
  (CCH3-­‐D3),	
  
14.8	
   (CCH3-­‐B3),	
   13.0	
   (CCH3-­‐D5),	
   12.8	
   (CCH3-­‐B5).	
   IR	
   (solid,	
   ν/cm-­‐1):	
   3131	
   (w),	
   3054	
   (w),	
   2162	
   (w),	
  
	
   	
   Red	
  emitters	
  
105	
  
	
  
1700	
  (m),	
  1585	
  (m),	
  1549	
  (m),	
  1541	
  (m),	
  1471	
  (s),	
  1442	
  (m),	
  1420	
  (m),	
  1398	
  (s),	
  1373	
  (m),	
  
1276	
  (m),	
  1263	
  (m),	
  1239	
  (m),	
  1168	
  (w),	
  1143	
  (m),	
  1068	
  (w),	
  1037	
  (m),	
  995	
  (m),	
  903	
  (m),	
  860	
  
(m),	
  830	
  (s),	
  820	
  (s),	
  792	
  (s),	
  786	
  (s),	
  753	
  (s),	
  742	
  (s),	
  730	
  (s),	
  717	
  (s),	
  703	
  (s),	
  694	
  (s),	
  659	
  (m),	
  
622	
   (s),	
   612	
   (s),	
   608	
   (s).	
  MS	
   (ESI,	
  m/z):	
   845.3	
   [M-­‐PF6]+	
   (calc.	
   845.3).	
  UV-­‐Vis	
   λ/nm	
   (ε	
   /	
   dm3	
  
mol–1	
   cm–1)	
   (CH2Cl2,	
   5.00	
   x	
   10–5	
   mol	
   dm-­‐3):	
   253	
   (64’600),	
   320	
   (20'900),	
   350	
   (8’400).	
  
Luminescence	
  (CH2Cl2,	
  c	
  =	
  2.50	
  x	
  10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  256	
  nm):	
  λem	
  =	
  642	
  nm.	
  Quantum	
  yield	
  
(CH2Cl2,	
  degassed	
  with	
  argon,	
  λex	
  =	
  250	
  nm,	
  integration	
  range:	
  520	
  –	
  810	
  nm):	
  0.062.	
  Elem.	
  
Anal.	
  calcd.	
  for	
  C42H36N8IrPF6.0.5CH2Cl2	
  (1032.44)	
  C	
  48.44,	
  H	
  3.61,	
  N,	
  10.85;	
  found	
  C	
  48.64,	
  H	
  
3.53,	
  N	
  10.53.	
  Electrochemistry	
  vs.	
  Fc/Fc+:	
  E1ox:	
  +0.86	
  V/+0.71q	
  V,	
  E1red:	
  -­‐1.79	
  V/-­‐1.63q	
  V.	
  
	
  
5.9.5. [Ir(dmppz)2(5)][PF6]2	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(dmppz)4(µ-­‐Cl)2]	
  (114.0	
  mg,	
  0.100	
  mmol)	
  and	
  4’-­‐methyl-­‐pyridine-­‐
2,2':6’,2’’-­‐terpyridine	
  hexafluoridophosphate	
  (98.8	
  mg,	
  0.21	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  
heated	
   in	
  a	
  microwave	
  reactor	
   for	
  90	
  minutes	
  at	
  120°C	
   (P	
  =	
  14	
  bar).	
  The	
  red	
  solution	
  was	
  
then	
  cooled	
   to	
   room	
  temperature,	
  and	
   solid	
  NH4PF6	
   (excess)	
  was	
  added.	
  The	
  mixture	
  was	
  
stirred	
  for	
  30	
  minutes	
  at	
  room	
  temperature	
  and	
  the	
  red	
  precipitate	
  was	
  collected.	
  The	
  crude	
  
material	
  was	
  purified	
  twice	
  by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90	
  followed	
  
by	
   Fluka	
   Silica	
   60;	
   CH2Cl2	
   changing	
   to	
   CH2Cl2:MeOH	
   =	
   100:4).	
   [Ir(dmppz)2(5)][PF6]2	
   was	
  
isolated	
   as	
   red	
   solid	
   (124.0	
   mg,	
   0.127	
   mmol,	
   63.6%).	
   1H	
   NMR	
   (500	
   MHz,	
   CD2Cl2,	
   298	
   K)	
  
δ/ppm	
  9.03	
  (d,	
  J	
  =	
  2.0	
  Hz,	
  1H,	
  HF3),	
  8.88	
  (d,	
  J	
  =	
  8.3	
  Hz,	
  1H,	
  HE3),	
  8.80	
  (d,	
  J	
  =	
  6.9	
  Hz,	
  2H,	
  HH2),	
  
8.60	
  (d,	
  J	
  =	
  7.0	
  Hz,	
  2H,	
  HH3),	
  8.14	
  (dq,	
  J	
  =	
  4.9,	
  1.3	
  Hz,	
  2H,	
  HE4+G6),	
  7.85	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF5),	
  
7.79	
  (m,	
  1H,	
  HE6),	
  7.39	
  (ddd,	
  J	
  =	
  7.6,	
  5.5,	
  1.1	
  Hz,	
  1H,	
  HE5),	
  7.32	
  (dd,	
  J	
  =	
  8.2,	
  1.0	
  Hz,	
  1H,	
  HA3),	
  
7.22	
  (m,	
  1H,	
  HG4),	
  6.98	
  (m,	
  1H,	
  HA4),	
  6.92	
  (m,	
  2H,	
  HC3+G5),	
  6.73	
  (td,	
  J	
  =	
  7.5,	
  1.1	
  Hz,	
  1H,	
  HA5),	
  
6.63	
  (s,	
  1H,	
  HG3),	
  6.59	
  (m,	
  1H,	
  HC4),	
  6.45	
  (td,	
  J	
  =	
  7.4,	
  1.1	
  Hz,	
  1H,	
  HC5),	
  6.14	
  (s,	
  1H,	
  HD4),	
  6.07	
  (s,	
  
1H,	
  HB4),	
  5.99	
  (dd,	
  J	
  =	
  7.6,	
  1.3	
  Hz,	
  1H,	
  HA6),	
  5.76	
  (dd,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC6),	
  4.47	
  (s,	
  3H,	
  HCH3-­‐
H1),	
  2.78	
   (s,	
  3H,	
  HCH3-­‐D3),	
  2.71	
   (s,	
  3H,	
  HCH3-­‐B3)	
   ,	
  1.93	
   (s,	
  3H,	
  HCH3-­‐B5),	
  1.53	
   (s,	
  3H,	
  HCH3-­‐D5).	
   13C	
  
NMR	
  (126	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  165.5	
  (CF6),	
  160.0	
  (CF2),	
  156.9	
  (CE2),	
  154.0	
  (CG2),152.1	
  
(CH4),	
   151.1	
   (CB5),	
   150.6	
   (CD5),	
   150.4	
   (CE6),	
   149.1	
   (CG6),	
   146.3	
   (CH2),	
   144.7	
   (CF4),	
   144.5	
   (CC2),	
  
144.3	
   (CA2),	
   142.1	
   (CB3),	
   141.6	
   (CD3),	
   140.1	
   (CE4),	
   136.0	
   (CG4),	
   134.6	
   (CC6),	
   133.0	
   (2C,	
  CA6+C1),	
  
130.4	
   (CA1),	
   128.6	
   (CE5),	
   128.1	
   (CF5),	
   127.6	
   (CH3),	
   126.5	
   (CE3),	
   126.3	
   (CA5),	
   125.1	
   (2C,	
  CC5+G5),	
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124.1	
   (CA4),	
   123.4	
   (CG3),	
   122.2	
   (CC4),	
   122.1	
   (CF3),	
   113.3	
   (CA3),	
   112.6	
   (CC3),	
   110.9	
   (CB4),	
   110.6	
  
(CD4),	
  49.4	
  (CCH3-­‐H1),	
  15.2	
  (CCH3-­‐D3),	
  14.8	
  (CCH3-­‐B3),	
  13.1	
  (CCH3-­‐B5),	
  13.0	
  (CCH3-­‐D5).	
  IR	
  (solid,	
  ν/cm-­‐1):	
  
3657	
   (w),	
  3131	
   (w),	
  3054	
   (w),	
  1646	
   (w),	
  1617	
   (w),	
  1570	
   (w),	
  1553	
   (w),	
  1528	
   (w),	
  1471	
   (s),	
  
1444	
  (w),	
  1414	
  (w),	
  1398	
  (w),	
  1375	
  (w),	
  1337	
  (w),	
  1276	
  (w),	
  1270	
  (w),	
  1225	
  (w),	
  1195	
  (w),	
  
1146	
  (w),	
  1122	
  (w),	
  1093	
  (w),	
  1059	
  (w),	
  1035	
  (w),	
  993	
  (w),	
  822	
  (s),	
  816	
  (s),	
  789	
  (s),	
  773	
  (s),	
  
743	
   (s),	
   731	
   (w),	
   719	
   (w),	
   692	
   (w),	
   657	
   (w),	
   601	
   (s).	
  MS	
   (ESI,	
  m/z):	
   1005.3	
   [M-­‐PF6]+	
   (calc.	
  
1005.3),	
   860.3	
   [M-­‐2PF6]+	
   (calc.	
   860.3),	
   535.2	
   [Ir(dmppz)2]+	
   (calc.	
   535.2),	
   430.2	
   [M-­‐2PF6]2+	
  
(calc.	
  430.2).	
  UV-­‐Vis	
  λ/nm	
  (ε	
  /	
  dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  2.50	
  ×	
  10–5	
  mol	
  dm-­‐3):	
  256	
  (64’000),	
  
315	
  (19’000),	
  400	
  (6’000).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  2.50	
  x	
  10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  245	
  nm):	
  λem	
  
=	
  359	
  nm.	
  Quantum	
  yield	
  (CH2Cl2,	
  degassed	
  with	
  argon,	
  λex	
  =	
  255	
  nm,	
  integration	
  range:	
  520	
  
–	
  800	
  nm):	
  0.01.	
  Elem.	
  Anal.	
  calcd.	
  For	
  C43H39IrN8P2F12.0.5NH4Cl	
  (1176.72)	
  C	
  43.89,	
  H	
  3.51,	
  N	
  
10.12;	
  found	
  C	
  43.52,	
  H	
  3.52,	
  N	
  10.34.	
  Electrochemistry:	
  E1ox:	
  +0.88	
  V/irr,	
  E1red:	
  -­‐1.37	
  V/1.23q	
  
V,	
  E2red:	
  -­‐2.07	
  V/irr.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  F.	
  Neve,	
  A.	
  Crispini,	
  S.	
  Campagna	
  and	
  S.	
  Serroni,	
  Inorg.	
  Chem.,	
  1999,	
  38,	
  2250.	
  
2	
  L.	
  He,	
  J.	
  Qiao,	
  L.	
  Duan,	
  G.	
  F.	
  Dong,	
  D.	
  Q.	
  Zhang,	
  L.	
  D.	
  Wang,	
  Y.	
  Qiu,	
  Adv.	
  Funct.	
  Mater.,	
  2009,	
  19,	
  2950.	
  
3	
  R.	
  D.	
  Costa,	
  F.	
   J.	
  Cespedes-­‐Guirao,	
  E.	
  Ortí,	
  H.	
   J.	
  Bolink,	
   J.	
  Gierschner,	
  F.	
   Fernandez-­‐Lazaro,	
  A.	
  Sastre-­‐Santos,	
  
Chem.	
  Commun.,	
  2009,	
  3886.	
  
4	
  H.-­‐C.	
  Su,	
  H.-­‐F.	
  Chen,	
  F.-­‐C.	
  Fang,	
  C.-­‐C.	
  Liu,	
  C.-­‐C.	
  Wu,	
  K.-­‐T.	
  Wong,	
  Y.-­‐H.	
  Liu,	
  S.-­‐M.	
  Peng,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2008,	
  
130,	
  3413.	
  
5	
  J.	
  L.	
  Rodríguez-­‐Redondo,	
  R.	
  D.	
  Costa,	
  E.	
  Ortí,	
  A.	
  Sastre-­‐Santos,	
  H.	
  J.	
  Bolink,	
  F.	
  Fernández-­‐Lázaro,	
  Dalton	
  Trans.,	
  
2009,	
  9787.	
  
6	
  See	
  for	
  example:	
  F.	
  Neve,	
  A.	
  Crispini,	
  S.	
  Campagna	
  and	
  S.	
  Serroni,	
  Inorg.	
  Chem.,	
  1999,	
  38,	
  2250	
  and	
  references	
  
cited	
  therein.	
  
7	
  H.	
  J.	
  Bolink,	
  E.	
  Coronado,	
  R.	
  D.	
  Costa,	
  E.	
  Ortí,	
  M.	
  Sessolo,	
  S.	
  Graber,	
  K.	
  Doyle,	
  M.	
  Neuburger,	
  C.	
  E.	
  Housecroft,	
  
E.	
  C.	
  Constable,	
  Adv.	
  Mater.,	
  2008,	
  20,	
  3910.	
  
8	
  J.	
  McMurtrie,	
  I.	
  Dance,	
  Cryst.	
  Eng.	
  Comm.,	
  2005,	
  7,	
  35,	
  216.	
  
9	
  M.	
  L.	
  Scudder,	
  H.	
  A.	
  Goodwin,	
  I.	
  G.	
  Dance,	
  New	
  J.	
  Chem.,	
  1999,	
  23,	
  695.	
  
10	
  E.	
  C.	
  Constable,	
  K.	
  Harris,	
  C.	
  E.	
  Housecroft,	
  M.	
  Neuburger,	
  J.	
  A.	
  Zampese,	
  CrystEngComm.,	
  2010,	
  12,	
  2949.	
  
11	
  C.	
  Janiak,	
  J.	
  Chem.	
  Soc.,	
  Dalton	
  Trans.,	
  2000,	
  3885.	
  
12	
  A.	
  B.	
  Tamayo,	
  S.	
  Garon,	
  T.	
  Sajoto,	
  P.	
  I.	
  Djurovich,	
  I.	
  M.	
  Tsyba,	
  R.	
  Bau,	
  M.	
  E.	
  Thompson,	
  Inorg.	
  Chem.,	
  2005,	
  44,	
  
8723.	
  
13	
  J.	
  L.	
  Rodríguez-­‐Redondo,	
  R.	
  D.	
  Costa,	
  E.	
  Ortí,	
  A.	
  Sastre-­‐Santos,	
  H.	
  J.	
  Bolink,	
  F.	
  Fernández-­‐Lázaro,	
  Dalton	
  Trans.,	
  
2009,	
  9787.	
  
14	
  F.	
  Kessler,	
  R.	
  D.	
  Costa,	
  D.	
  Di	
  Ceso,	
  R.	
  Scopelliti,	
  E.	
  Ortí,	
  H.	
  J.	
  Bolink,	
  S.	
  Meier,	
  W.	
  Sarfert,	
  M.	
  Grätzel,	
  Md.	
  K.	
  
Nazeeruddin,	
  E.	
  Baranoff,	
  Dalton	
  Trans.,	
  2012,	
  41 ,	
  180.	
  
15	
  R.	
  D.	
  Costa,	
  E.	
  Ortí,	
  H.	
   J.	
  Bolink,	
   S.	
  Graber,	
  C.	
  E.	
  Housecroft,	
   E.	
  C.	
  Constable,	
  Adv.	
   Funct.	
  Mater.,	
   2010,	
  20,	
  
1511.	
  
	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Chapter	
  6	
   	
  
Chapter	
  6	
  
108	
  
	
  
6. Iridium(III)	
  complexes	
  with	
  further	
  terpyridine	
  ligands	
  
	
  
6.1. Introduction	
  
In	
   this	
   chapter,	
   the	
   studies	
   from	
   the	
   previous	
   chapter	
   (see	
   Chapter	
   5)1	
   are	
   extended.	
   In	
  
Chapter	
   5,	
   tpy	
   and	
   some	
   of	
   its	
   derivatives	
  were	
   used	
   as	
   ancillary	
   ligands.	
   In	
   this	
   chapter,	
  
other	
   tpy	
   ligands	
   have	
   been	
   used	
   to	
   synthesize	
   new	
   iridium(III)	
   complexes.	
   The	
  
cyclometallating	
  ligands	
  are	
  [ppy]-­‐	
  for	
  all	
  four	
  complexes	
  discussed	
  in	
  this	
  chapter.	
  	
  
The	
  ancillary	
  ligands	
  consist	
  of	
  a	
  tpy	
  unit	
  with	
  a	
  phenyl	
  ring	
  at	
  the	
  4’-­‐position.	
  On	
  the	
  para-­‐
position	
   of	
   the	
   phenyl	
   ring,	
   there	
   are	
   different	
   heteroatom	
   groups	
   attached	
   (see	
   Scheme	
  
6.1).	
   The	
   introduction	
  of	
   the	
  phenyl	
   ring	
   extends	
   the	
  π-­‐conjugation	
  of	
   the	
   ancillary	
   ligand	
  
and	
   should	
   therefore	
   yield	
   a	
   red-­‐shift	
   of	
   the	
   emission	
   maximum	
   of	
   the	
   complexes.	
  
Furthermore,	
   the	
   influence	
   of	
   the	
   heteroatom	
   groups	
   will	
   be	
   investigated	
   in	
   order	
   to	
  
determine	
  the	
  effect	
  on	
  the	
  photophysical	
  and	
  electrochemical	
  properties	
  of	
  the	
  iridium(III)	
  
complexes.	
   In	
   addition,	
   the	
   complexes	
   have	
   been	
   used	
   to	
   prepare	
   LEC	
   devices	
   and	
   their	
  
properties	
  under	
  a	
  LEC	
  configuration	
  have	
  been	
  investigated.	
  
	
  
6.2. Results	
  and	
  discussion	
  
Four	
   complexes	
   [Ir(ppy)2(6)][PF6],	
   [Ir(ppy)2(7)][PF6],	
   [Ir(ppy)2(8)][PF6]	
   and	
   [Ir(ppy)2(9)][PF6]	
  
were	
  prepared	
  by	
  treating	
  a	
  dichlorido	
  bridged	
  iridium(III)	
  dimer	
  with	
  two	
  equivalents	
  of	
  an	
  
N^N	
  ligand	
  (Scheme	
  6.1).2	
  The	
  reactions	
  were	
  performed	
  in	
  a	
  microwave	
  reactor	
  followed	
  by	
  
precipitation	
  with	
  ammonium	
  hexafluoridophosphate	
  and	
  silver	
  hexafluoridophosphate,	
  and	
  
the	
  purification	
  was	
  done	
  by	
  recrystallization	
  or	
  column	
  chromatography.	
  	
  
	
  
Scheme	
  6.1	
  Syntheses	
  of	
  the	
  complexes	
  described	
  in	
  this	
  chapter.	
  Conditions:	
  (i)	
   ligand	
  6,	
  7,	
  8	
  or	
  9,	
  MeOH,	
  microwave	
  
(2hr,	
  120	
  °C);	
  (ii)	
  [NH4][PF6]	
  (30	
  –	
  60	
  min).	
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  complexes	
  
109	
  
	
  
The	
  yields	
   ranged	
   from	
  79.5%	
   ([Ir(ppy)2(9)][PF6])	
   to	
  97.2%	
   ([Ir(ppy)2(6)][PF6]).	
  The	
  ESI	
  mass	
  
spectrum	
  of	
  each	
  of	
  the	
  complexes	
  showed	
  a	
  peak	
  that	
  was	
  assigned	
  to	
  the	
  [M	
  –	
  PF6]+	
   ion	
  
and	
  the	
  observed	
  isotope	
  patterns	
  were	
  in	
  accordance	
  with	
  those	
  simulated.	
  	
  
The	
  NMR	
  spectroscopic	
  assignments	
  were	
  done	
  using	
  routine	
  1D	
  and	
  2D	
  techniques	
  (COSY,	
  
NOESY,	
  HMBC	
  and	
  HMQC).	
  Due	
  to	
  the	
  presence	
  of	
  pendant	
  pyridine	
  rings,	
  the	
  C^N	
  ligands	
  
appear	
  non-­‐equivalent	
  for	
  all	
  complexes.	
  This	
  leads	
  to	
  very	
  similar	
  1H	
  and	
  13C	
  NMR	
  spectra	
  
to	
  those	
  already	
  discussed	
  in	
  Chapter	
  5	
  (see	
  Section	
  5.3).	
  Full	
  assignments	
  are	
  given	
  in	
  the	
  
experimental	
  section.	
  
	
  
6.3. Solid	
  state	
  structures	
  
Table	
  6.1	
  Crystallographic	
  data	
  for	
  complexes	
  [Ir(ppy)2(6)][PF6],	
  [Ir(ppy)2(7)][PF6],	
  [Ir(ppy)2(8)][PF6]	
  and	
  [Ir(ppy)2(9)][PF6].	
  
Compound	
   [Ir(ppy)2(6)][PF6]	
  
.2CH2Cl2	
  
{4[Ir(ppy)2(7)][PF6]}	
  
.2Et2O.CH3CN	
  
2{[Ir(ppy)2(8)][PF6]}	
  
.CH3CN.2H2O
	
  
[Ir(ppy)2(9)][PF6]	
  
.2CH2Cl2	
  
Formula	
   C45H36Cl4F6IrN6P	
   C184H148F24Ir4N22O5P4	
   C90H73F12Ir2N11O2P2S2	
   C45H36Cl4F6IrN6P	
  
Formula	
  weight	
  /	
  g	
  mol-­‐1	
   1139.79	
   4096.00	
   2079.12	
   12414.77	
  
Crystal	
  colour	
  and	
  habit	
   orange	
  plate	
   yellow	
  block	
   orange	
  block	
   yellow	
  block	
  
Crystal	
  system	
   monoclinic	
   monoclinic	
   monoclinic	
   monoclinic	
  
Space	
  group	
   P21/n	
   C2/c	
   P21/n	
   P21/n	
  
a,	
  b,	
  c	
  /	
  Å	
   10.2803(4)	
  
12.4470(4)	
  
33.7717(12)	
  
55.632(4)	
  
10.5213(11)	
  
34.013(2)	
  
14.5443(10)	
  
14.7612(10)	
  
19.8943(14)	
  
13.4211(15)	
  
53.159(6)	
  
17.941(2)	
  
α,	
  β,	
  γ/	
  o	
   90	
  
93.369(2)	
  
90	
  
90	
  
124.848(4)	
  
90	
  
90	
  
104.707(4)	
  
90	
  
90	
  
108.3520(10)	
  
90	
  
U	
  /	
  Å3	
   4313.9(3)	
   16338(2)	
   4131.2(5)	
   12149(2)	
  
Dc	
  /	
  Mg	
  m–3	
   1.755	
   1.665	
   1.668	
   1.697	
  
Z	
   4	
   4	
   2	
   1	
  
µ(Mo-­‐Kα)	
  /	
  mm–1	
   3.448	
   3.381	
   3.392	
   2.350	
  
T/	
  K	
   123	
   173	
   123	
   123	
  
Refln.	
  collected	
  (Rint)	
   31698	
  (0.0542)	
   163250	
  (0.0969)	
   134040	
  (0.0425)	
   130556	
  (0.0707)	
  
Unique	
  refln.	
   8021	
   20080	
   12026	
   30721	
  
Refln.	
  for	
  refinement	
   6667	
   18711	
   10753	
   21221	
  
Parameters	
   622	
   1220	
   570	
   1775	
  
Threshold	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
  
R1	
  (R1	
  all	
  data)	
   0.0476	
  (0.0673)	
   0.0286	
  (0.0320)	
   0.0194	
  (0.0247)	
   0.0658	
  (0.1034)	
  
wR2	
  (wR2	
  all	
  data)	
   0.0993	
  (0.1155)	
   0.0605	
  (0.0617)	
   0.0444	
  (0.0471)	
   0.1732	
  (0.2047)	
  
Goodness	
  of	
  fit	
   1.151	
   1.195	
   1.047	
   1.099	
  
	
  
6.3.1. [Ir(ppy)2(6)][PF6]	
  
X-­‐ray	
  quality	
  crystals	
  of	
  the	
  complex	
  were	
  grown	
  from	
  a	
  solution	
  of	
  CH2Cl2,	
  layered	
  with	
  Et2O	
  
by	
   diffusion.	
   The	
   complex	
   crystallizes	
   as	
   [Ir(ppy)2(6)][PF6].2CH2Cl2	
   in	
   the	
   monoclinic	
  
centrosymmetric	
  P21/n	
  space	
  group.	
   In	
  the	
  asymmetric	
  unit	
  there	
   is	
  one	
  cation,	
  one	
  anion	
  
and	
  two	
  solvent	
  molecules.	
  The	
  atom	
  Ir1	
  is	
  in	
  an	
  octahedral	
  environment	
  and	
  the	
  N-­‐donors	
  
of	
   the	
   two	
   cyclometallating	
   ligands	
   are	
   in	
   a	
   trans-­‐arrangement,	
   as	
   expected	
   and	
   already	
  
Chapter	
  6	
  
110	
  
	
  
seen	
  in	
  similar	
  compounds.4,	
  5	
  The	
  two	
  N-­‐donors	
  of	
  the	
  tpy	
  ligand	
  are	
  trans	
  to	
  the	
  C-­‐atoms	
  of	
  
the	
   cyclometallating	
   phenylpyridine	
   rings.	
   Both	
   cyclometallating	
   C^N	
   ligands	
   are	
   almost	
  
planar,	
   with	
   angles	
   between	
   the	
   least	
   squares	
   planes	
   of	
   2.7	
   and	
   4.5°,	
   whereas	
   the	
   angle	
  
between	
  the	
  least	
  squares	
  planes	
  of	
  the	
  N^N	
  ligand	
  is	
  9.4°.	
  The	
  pendant	
  phenyl	
  ring	
  of	
  the	
  
tpy	
   ligand	
   is	
   twisted	
   through	
   64.2°	
   with	
   respect	
   to	
   the	
   bonded	
   pyridine	
   ring.	
   This	
   non-­‐
planarity	
  allows	
  the	
  free	
  pyridine	
  ring	
  to	
  undergo	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  with	
  
one	
  of	
  the	
  phenyl	
  rings	
  of	
  one	
  of	
  the	
  C^N	
  ligands.	
  The	
  inter-­‐centroid	
  separation	
  is	
  3.31	
  Å	
  and	
  
the	
   angle	
   between	
   the	
   least	
   squares	
   planes	
   is	
   10.9°.	
   The	
   distance	
   would	
   make	
   it	
   a	
   very	
  
efficient	
   interaction,	
   but	
   the	
   angle	
   is	
   rather	
   large,	
   as	
   discussed	
   by	
   Janiak3.	
   Janiak	
   sets	
   the	
  
limits	
  for	
  π-­‐stacking	
  interactions	
  to	
  distances	
  up	
  to	
  3.8	
  Å	
  between	
  the	
  stacking	
  rings	
  and	
  the	
  
tilting	
  angles	
  between	
  the	
  rings	
  have	
  to	
  be	
  below	
  20°.	
  These	
  values	
  are	
  also	
  very	
  similar	
  to	
  
the	
  intramolecular	
  stacking	
  interactions	
  with	
  a	
  pendant	
  phenyl	
  ring4.	
  Both	
  enantiomers	
  are	
  
in	
  the	
  unit	
  cell	
  and	
  the	
  Λ-­‐[Ir(ppy)2(6)]+	
  cation	
  is	
  depicted	
  in	
  Figure	
  6.1.	
  
	
  
Figure	
  6.1	
  Structure	
  of	
  Λ-­‐[Ir(ppy)2(6)]
+	
  with	
  ellipsoids	
  plotted	
  at	
  50%	
  probability	
   level;	
  H	
  atoms	
  omitted.	
  Selected	
  bond	
  
lengths	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1–C33:	
   2.012(5),	
   Ir1–C22:	
   2.013(5),	
   Ir1–N6:	
   2.039(4),	
   Ir1–N5:	
   2.057(4),	
   Ir1–N1:	
  
2.153(4),	
  Ir1–N2:	
  2.204(4);	
  N1–Ir1–N2:	
  76.0(2),	
  N5–Ir1–C22:	
  80.5(2),	
  N6–Ir1–C33:	
  80.3(2).	
  	
  
The	
  crystal	
  packing	
  is	
  dominated	
  by	
  intermolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  between	
  a	
  Λ-­‐	
  and	
  
a	
  Δ-­‐cation.	
  The	
  stacking	
  interaction	
  is	
  between	
  the	
  planar	
  rings,	
  the	
  pyridine	
  ring	
  containing	
  
atom	
   N2	
   and	
   the	
   pendant	
   phenyl	
   ring	
   containing	
   atom	
   C16,	
   with	
   another	
   molecule	
  
containing	
  atomes	
  N2i	
  and	
  C16i	
  (symmetry	
  code	
  1	
  –	
  x,	
  -­‐y,	
  2	
  –	
  z).	
  The	
  alignment	
  of	
  the	
  mean	
  
squares	
  planes	
  of	
   the	
   stacked	
   rings	
   is	
   parallel	
   (symmetry	
   imposed	
  by	
   an	
   inversion	
   centre)	
  
with	
   a	
   separation	
   of	
   3.36	
   Å	
   between	
   the	
   planes.	
   The	
   inter-­‐centroid	
   separation	
   is	
   3.62	
   Å,	
  
making	
   it	
   a	
   very	
   efficient	
   stacking	
   interaction.	
   This	
   packing	
   interaction	
   leads	
   to	
   sheets	
   of	
  
chains	
  of	
  Λ-­‐	
  and	
  Δ-­‐cations	
  parallel	
  to	
  the	
  b	
  axis	
  (Figure	
  6.2).	
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Figure	
  6.2	
  Packing	
  interactions	
  between	
  [Ir(ppy)2(6)]
+	
  cations	
  with	
  different	
  handedness,	
  viewed	
  along	
  the	
  a-­‐axis.	
  Face-­‐
to-­‐face	
   π-­‐stacking	
   between	
   the	
   tpy-­‐phenyl	
   rings	
   of	
   cations	
  with	
   Δ-­‐	
   (red)	
   and	
   Λ-­‐forms	
   (orange).	
   The	
   hydrogen	
   atoms,	
  
anions	
  and	
  solvent	
  molecules	
  are	
  omitted.	
  
Sandwiched	
  between	
  these	
  sheets	
  are	
  [PF6]-­‐	
  anions	
  and	
  CH2Cl2	
  solvent	
  molecules.	
  Each	
  [PF6]-­‐	
  
anion	
   supports	
   the	
   packing	
   by	
   CH…F	
  hydrogen	
   bonds	
   to	
   five	
   different	
   cations	
   and	
   to	
   one	
  
solvent	
   molecule,	
   with	
   F…H	
   distances	
   between	
   2.15	
   to	
   2.67	
   Å.	
   The	
   free	
   phenyl	
   ring	
  
containing	
   atom	
   C16	
   undergoes	
   a	
   π-­‐interaction	
   with	
   proton	
   H30Ai	
   at	
   a	
   C-­‐H…phenyl	
   ring	
  
centroid	
  distance	
  of	
  2.47	
  Å.	
  The	
  amino	
  group	
  of	
  the	
  tpy	
  ligand	
  undergoes	
  hydrogen	
  bonding	
  
to	
   the	
  pendant	
  pyridine	
  ring	
  of	
  an	
  adjacent	
  cation	
  with	
  a	
  distance	
  of	
  2.68	
  Å	
  between	
  H4B	
  
and	
  N3i	
  (symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  –y,	
  2	
  –	
  z).	
  Additionally	
  atom	
  N4	
  undergoes	
  an	
  interaction	
  
with	
  atom	
  H43Ai	
  at	
  a	
  distance	
  of	
  3.03	
  Å.	
  The	
  crystal	
  packing	
  is	
  dominated	
  by	
  the	
  following	
  
contacts:	
   CH…Fanion,	
   CH…πligand,	
   N…HCligand,	
   Cl…HCligand.	
   The	
   cation,	
   anion	
   and	
   one	
   of	
   the	
  
CH2Cl2	
  molecules	
  are	
  ordered,	
  whereas	
  the	
  second	
  solvent	
  molecule	
   is	
  disordered	
  and	
  has	
  
been	
  modelled	
  over	
  3	
  sites	
  of	
  occupancies	
  0.5,	
  0.25	
  and	
  0.25.	
  	
  
	
  
6.3.2. [Ir(ppy)2(7)][PF6]	
  
Single	
  crystals	
  were	
  grown	
  over	
  a	
  number	
  of	
  days	
  from	
  a	
  MeCN	
  solution	
  of	
  [Ir(ppy)2(7)][PF6]	
  
which	
  was	
  layered	
  with	
  Et2O.	
  The	
  complex	
  crystallizes	
  as	
  {4[Ir(ppy)2(7)][PF6]}.2Et2O.MeCN	
  in	
  
the	
  monoclinic	
   centrosymmetric	
   space	
   group	
  C2/c.	
   There	
   are	
   two	
   independent	
   cations	
   (A	
  
and	
  B)	
   in	
   the	
  asymmetric	
  unit,	
   both	
  are	
   in	
   an	
  octahedral	
   environment,	
   both	
  are	
   in	
   the	
  Λ-­‐
form	
  and	
  the	
  cation	
  B	
  is	
  depicted	
  in	
  Figure	
  6.3.	
  Cations	
  A	
  and	
  B	
  are	
  very	
  similar,	
  having	
  only	
  
minor	
   differences	
   in	
   the	
   environments	
   of	
   the	
   atoms	
   Ir1A	
   and	
   Ir1B.	
   In	
   the	
   unit	
   cell,	
   both	
  
enantiomers	
  of	
  both	
  independent	
  cations	
  are	
  present.	
  	
  
For	
  atoms	
  Ir1A	
  and	
  Ir1B	
  the	
  N-­‐donors	
  of	
  the	
  cyclometallating	
  C^N	
  ligand	
  are	
  mutually	
  trans.	
  
For	
  Ir1A,	
  both	
  C^N	
  ligands	
  are	
  planar	
  with	
  torsion	
  angles	
  between	
  the	
  least	
  squares	
  planes	
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below	
  5.9°.	
  The	
  least	
  squares	
  planes	
  of	
  the	
  two	
  coordinated	
  pyridine	
  rings	
  of	
  the	
  tpy	
  ligand	
  
are	
  twisted	
  about	
  13.7°.	
  The	
  pendant	
  pyridine	
  ring	
  is	
  strongly	
  twisted	
  about	
  64.4°.	
  For	
  Ir1B	
  
the	
  values	
  differ	
  a	
  little.	
  Both	
  C^N	
  ligands	
  are	
  planar,	
  with	
  torsion	
  angles	
  between	
  the	
  least	
  
squares	
  planes	
  below	
  3.0°.	
  The	
  least	
  squares	
  planes	
  of	
  the	
  two	
  coordinated	
  pyridine	
  rings	
  of	
  
the	
  tpy	
   ligand	
  are	
  twisted	
  about	
  14.1°.	
  The	
  pendant	
  pyridine	
  ring	
   is	
  strongly	
  twisted	
  about	
  
60.5°.	
  	
  
This	
   strong	
   deviation	
   of	
   planarity	
   within	
   the	
   tpy	
   ligand	
   is	
   similar	
   to	
   that	
   seen	
   in	
  
[Ir(ppy)2(6)][PF6],	
   and	
   allows	
   the	
   pendant	
   pyridine	
   ring	
   to	
   undergo	
   intramolecular	
   face-­‐to-­‐
face	
   π-­‐stacking	
  with	
   the	
   phenyl	
   ring	
   of	
   the	
   cyclometallating	
   [ppy]-­‐	
   ligand	
   containing	
   atom	
  
C34A	
  or	
  C23B,	
   in	
   cation	
  A	
  or	
  B	
   respectively.	
  The	
   twisting	
  angle	
  between	
   the	
   least	
   squares	
  
planes	
   are	
   3.4°	
   or	
   8.0°,	
   respectively.	
   The	
   inter-­‐centroid	
   distances	
   are	
   3.49	
   and	
   3.42	
   Å	
   for	
  
molecule	
  A	
  and	
  B,	
  respectively,	
  being	
  well	
  in	
  the	
  range	
  discussed	
  by	
  Janiak3	
  and	
  comparable	
  
with	
  [Ir(ppy)2(6)][PF6].	
  
	
  
Figure	
   6.3	
   Structure	
   of	
   Λ-­‐cations	
   A	
   and	
   B	
   of	
   [Ir(ppy)2(7)]
+	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
   atoms	
  
omitted.	
   Selected	
   bond	
   lengths	
   (in	
   Å)	
   and	
   bond	
   angles	
   (in	
   °):	
   Ir1A–C23A:	
   1.996(3),	
   Ir1A–C34A:	
   2.015(3),	
   Ir1A–N4A:	
  
2.040(2),	
  Ir1A–N5A:	
  2.058(2),	
  Ir1A–N1A:	
  2.122(2),	
  Ir1A–N2A:	
  2.206(2);	
  N1A–Ir1A–N2A:	
  76.0(1),	
  N4A–Ir1A–C23A:	
  80.6(1),	
  
N5A–Ir1A–C23A:	
  80.2(2).	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
   Ir1B–C34B:	
  2.002(3),	
   Ir1B–C23B:	
  2.016(3),	
  
Ir1B–N5B:	
  2.041(2),	
  Ir1B–N4B:	
  2.053(2),	
  Ir1B–N1B:	
  2.140(2),	
  Ir1B–N2B:	
  2.211(2);	
  N1B–Ir1B–N2B:	
  76.2(1),	
  N4B–Ir1B–C23B:	
  
80.4(1),	
  N5B–Ir1B–C34B:	
  80.5(1).	
  	
  
However,	
  upon	
  examination	
  of	
  the	
  crystal	
  packing,	
  the	
  effect	
  of	
  changing	
  the	
  substituent	
  on	
  
the	
   tpy	
   ligand	
   can	
   be	
   seen.	
   By	
   changing	
   the	
   amino	
   group	
   of	
   the	
   tpy	
   ligand	
   to	
   a	
  methoxy	
  
group,	
  intermolecular	
  π-­‐stacking	
  interactions	
  of	
  the	
  phenyl	
  ring,	
  as	
  seen	
  in	
  [Ir(ppy)2(6)][PF6],	
  
	
   	
   Further	
  iridium(III)-­‐tpy	
  complexes	
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are	
  prevented	
  (see	
  Figure	
  6.4	
  and	
  Figure	
  6.2).	
  This	
   leads	
  to	
  a	
  different	
  arrangement	
  of	
  the	
  
cations	
  in	
  the	
  crystal	
  structure.	
  
The	
  crystal	
  packing	
  is	
  dominated	
  by	
  the	
  following	
  interactions.	
  Between	
  two	
  molecules	
  of	
  B	
  
the	
  methoxy	
   groups	
   undergo	
   hydrogen	
   bonding	
  with	
   a	
   distance	
   between	
   atoms	
  O1B	
   and	
  
H22Ei	
  of	
  2.77	
  Å	
  (symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  -­‐1	
  –	
  y,	
  1	
  –	
  z).	
  Additionally	
  there	
  are	
  edge-­‐to-­‐face	
  π-­‐
interactions	
  between	
  molecules	
  A	
  and	
  B	
  with	
  the	
  same	
  handedness.	
  Molecule	
  A	
  shows	
  an	
  
edge-­‐to-­‐face	
  π-­‐stacking	
  interaction	
  between	
  the	
  phenyl	
  ring	
  of	
  one	
  [ppy]-­‐	
  ligand	
  containing	
  
atom	
  C23A	
  and	
  protons	
  of	
  the	
  phenyl	
  ring	
  of	
  the	
  other	
  [ppy]-­‐	
  ligand	
  with	
  a	
  C-­‐H41Aii…phenyl	
  
ring	
  centroid	
  distance	
  of	
  2.91	
  Å	
  (symmetry	
  code	
   ii	
  =	
  3/2	
  –	
  x,	
  y	
  +	
  ½,	
  3/2	
  –	
  z).	
  Between	
  two	
  
molecules	
  of	
  B,	
  protons	
  H27Biii	
  and	
  H30Biii	
  of	
  the	
  [ppy]-­‐	
  ligand	
  (symmetry	
  code	
  iii	
  =	
  1	
  –	
  x,	
  y,	
  
3/2	
  –	
  z)	
  and	
  the	
  phenyl	
  ring	
  of	
  the	
  tpy	
  ligand	
  containing	
  atom	
  C16B	
  show	
  interaction	
  with	
  a	
  
C-­‐H…phenyl	
   ring	
   centroid	
   distance	
   of	
   3.03	
  Å.	
   These	
   edge-­‐to-­‐face	
   stacking	
   interactions	
   are	
  
very	
   similar	
   to	
   the	
   one	
   discussed	
   in	
   Chapter	
   5	
   (see	
   Section	
   5.4.1	
   [Ir(ppy)2(tpy)][PF6]).	
  
Between	
   the	
   cations,	
   there	
   are	
   anions	
   and	
   solvent	
   molecules	
   undergoing	
   meaningful	
  
contacts	
  between	
  cations	
  and	
  anions	
  with	
  H…F	
  distances	
  between	
  2.26	
  and	
  2.66	
  Å	
  (similar	
  
to	
  the	
  previous	
  sections).	
  	
  
	
  
Figure	
  6.4	
  Packing	
  interactions	
  in	
  one	
  unit	
  cell	
  of	
  [Ir(ppy)2(7)][PF6],	
  viewed	
  along	
  b	
  axis.	
  Molecules	
  A	
  (green)	
  and	
  B	
  (blue)	
  
alternate.	
  Additionally	
  there	
  are	
  rows	
  of	
  molecules	
  with	
  the	
  same	
  handedness.	
  The	
  Δ-­‐form	
  are	
  with	
  dark	
  colours,	
  the	
  Λ-­‐
form	
  are	
  presented	
  with	
  light	
  colours.	
  Anions	
  and	
  solvent	
  molecules	
  are	
  omitted.	
  	
  
All	
  cations	
  are	
  ordered.	
  The	
  anions	
  show	
  a	
  rotational	
  disorder	
  and	
  are	
  modelled	
  over	
  sites	
  of	
  
0.54:0.46	
   and	
   0.60:0.40	
   occupancies.	
   The	
   Et2O	
   solvent	
  molecule	
   is	
   disordered	
   as	
  well	
   and	
  
calculated	
  over	
  sites	
  of	
  0.5:0.5	
  occupancies,	
  whereas	
  the	
  MeCN	
  solvent	
  molecule	
  is	
  ordered.	
  	
  
	
  
6.3.3. [Ir(ppy)2(8)][PF6]	
  
X-­‐ray	
   quality	
   crystals	
  were	
   grown	
   from	
  a	
  MeCN	
   solution	
   of	
   [Ir(ppy)2(8)][PF6],	
   layered	
  with	
  
Et2O.	
   The	
   complex	
   crystallizes	
   as	
   2{[Ir(ppy)2(8)][PF6]}.MeCN.2H2O	
   in	
   the	
   monoclinic	
  
centrosymmetric	
  space	
  group	
  P21/n.	
  Both	
  enantiomers	
  are	
  present	
  in	
  the	
  unit	
  cell	
  and	
  the	
  Λ-­‐
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cation	
  is	
  depicted	
  in	
  Figure	
  6.5.	
  Similar	
  to	
  the	
  previously	
  discussed	
  compounds,	
  the	
  atom	
  Ir1	
  
is	
  in	
  an	
  octahedral	
  environment	
  with	
  the	
  N-­‐donors	
  of	
  the	
  cyclometallating	
  [ppy]-­‐	
  ligand	
  in	
  a	
  
trans-­‐configuration.	
  The	
  cyclometallating	
  C^N	
  ligands	
  are	
  almost	
  planar	
  (angles	
  between	
  the	
  
least	
  square	
  planes	
  are	
  below	
  2.6°),	
  the	
  two	
  coordinated	
  pyridine	
  rings	
  within	
  the	
  tpy	
  ligand	
  
are	
  twisted	
  about	
  25.3°,	
  which	
  is	
  much	
  greater	
  than	
  within	
  all	
  other	
  similar	
  compounds.	
  The	
  
bonded	
  pyridine	
   ring	
   is	
   twisted	
   about	
   45°	
   out	
   of	
   the	
   Ir–N	
  bond-­‐axis,	
  which	
   is	
   significantly	
  
bigger	
   than	
   the	
   previous	
   compounds	
   described	
   in	
   this	
   chapter.	
   The	
   least	
   square	
   planes	
  
between	
   the	
   pendant	
   pyridine	
   ring	
   and	
   the	
   pyridine	
   ring	
   to	
  which	
   it	
   is	
   bonded	
   is	
   twisted	
  
about	
   41.9°,	
   which	
   is	
   significantly	
   smaller	
   than	
   in	
   [Ir(ppy)2(7)][PF6].	
   This	
   leads	
   to	
   a	
   less	
  
efficient	
   intramolecular	
   face-­‐to-­‐face	
   π-­‐stacking	
   interaction:	
   the	
   twisting	
   angle	
   of	
   the	
   least	
  
squares	
  planes	
  between	
  the	
  pyridine	
  and	
  phenyl	
  rings	
  is	
  12.1°	
  with	
  a	
  inter-­‐centroid	
  distance	
  
of	
  3.60	
  Å.	
  The	
  twisting	
  angle	
  of	
  the	
  least	
  squares	
  planes	
  of	
  the	
  pendant	
  phenyl	
  ring	
  and	
  the	
  
pyridine	
  ring	
  to	
  which	
  it	
  is	
  bonded	
  is	
  44.0°.	
  
	
  
Figure	
   6.5	
   Structure	
   of	
   Λ-­‐2{[Ir(ppy)2(8)][PF6]}.MeCN.2H2O	
   with	
   ellipsoids	
   plotted	
   at	
   50%	
   probability	
   level;	
   H	
   atoms	
  
omitted.	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  bond	
  angles	
  (in	
  °):	
  Ir1–C23:	
  2.004(1),	
  Ir1–C34:	
  2.014(1),	
  Ir1–N5:	
  2.050(1),	
  Ir1–
N4:	
  2.053(1),	
  Ir1–N1:	
  2.129(1),	
  Ir1–N2:	
  2.230(1);	
  N1–Ir1–N2:	
  76.2(0),	
  N4–Ir1–C23:	
  80.4(1),	
  N5–Ir1–C34:	
  80.4(1).	
  
The	
  unit	
  cell	
   consists	
  of	
   two	
  Δ-­‐	
  and	
   two	
  Λ-­‐cations,	
   four	
  anions,	
   two	
  MeCN	
  and	
   four	
  water	
  
molecules.	
  Pairs	
  of	
  independent	
  Δ-­‐	
  and	
  Λ-­‐cations	
  embrace	
  one	
  another	
  with	
  close	
  C...H	
  and	
  
N...H	
  contacts	
  within	
  the	
  tpy	
  ligands	
  (H4A...N3i	
  =	
  2.47	
  Å,	
  C4...N3i	
  =	
  3.15	
  Å,	
  C4...C10i	
  =	
  3.37	
  Å,	
  
symmetry	
  code	
  i	
  =	
  2	
  –	
  x,	
  2	
  –	
  y,	
  1	
  –	
  z,	
  see	
  Figure	
  6.6).	
  
	
   	
   Further	
  iridium(III)-­‐tpy	
  complexes	
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Figure	
  6.6	
  Packing	
  of	
  Δ-­‐	
  (red)	
  and	
  Λ-­‐cations	
  (orange)	
  in	
  [Ir(ppy)2(8)][PF6]	
  showing	
  the	
  C…H	
  and	
  N…H	
  contacts	
  between	
  a	
  
pair	
  of	
  independent	
  cations.	
  
Other	
  crystal	
  packing	
  interactions	
  are	
  cation	
  –	
  anion	
  contacts:	
  H...F	
  contacts	
  are	
  at	
  distances	
  
between	
  2.42	
   to	
  2.64	
  Å.	
   These	
  packing	
   interactions	
   lead	
   to	
  parallel	
   alignments	
   (symmetry	
  
imposed	
  by	
  an	
  inversion	
  centre)	
  of	
  the	
  phenyl	
  rings	
  of	
  the	
  tpy	
  ligand,	
  but	
  the	
  inter-­‐centroid	
  
distances	
  (4.07	
  Å)	
  are	
  out	
  of	
  the	
  range	
  discussed	
  by	
  Janiak	
  for	
  π-­‐stacking	
  interactions	
  (<	
  3.8	
  
Å).3	
  An	
  overview	
  of	
  the	
  crystal	
  packing	
  is	
  depicted	
  in	
  Figure	
  6.7.	
  
	
  
Figure	
  6.7	
  Crystal	
  packing	
  in	
  [Ir(ppy)2(8)][PF6]	
  with	
  parallel	
  alignments	
  of	
  the	
  phenyl	
  rings	
  between	
  Δ-­‐	
  (red)	
  and	
  Λ-­‐forms	
  
(orange).	
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The	
  cations	
  and	
  the	
  anions	
  are	
  ordered	
  whereas	
  the	
  solvent	
  molecules	
  have	
  been	
  modelled	
  
as	
  a	
  50%	
  occupancy	
  MeCN	
  and	
  two	
  50%	
  occupancy	
  water	
  molecules.	
  	
  
	
  
6.3.4. [Ir(ppy)2(9)][PF6]	
  	
  
After	
  several	
  attempts,	
  crystals	
  of	
  [Ir(ppy)2(9)][PF6]	
  were	
  grown	
  from	
  a	
  solution	
  of	
  MeCN	
  and	
  
CH2Cl2.	
  Unfortunately,	
   the	
  crystals	
   led	
  only	
   to	
  poor	
  structural	
  data.	
  The	
  structure	
  confirms	
  
the	
  presence	
  of	
  the	
  complex,	
  the	
  iridium	
  atom	
  is	
  in	
  an	
  octahedral	
  environment	
  with	
  the	
  N-­‐
donors	
  of	
  the	
  cyclometallating	
  [ppy]-­‐	
  ligands	
  mutually	
  trans.	
  The	
  pendant	
  pyridine	
  ring	
  of	
  the	
  
tpy	
  ligand	
  undergoes	
  intramolecular	
  face-­‐to-­‐face	
  π-­‐stacking	
  with	
  one	
  of	
  the	
  [ppy]-­‐	
  ligands.	
  
	
  
6.4. Photophysical	
  properties	
  
In	
  general,	
  the	
  four	
  complexes	
  show	
  photophysical	
  similarities	
  to	
  the	
  reported	
  complex	
  with	
  
a	
  tolyl-­‐tpy	
  ligand.1	
  The	
  photophysical	
  behaviour	
  of	
  the	
  four	
  complexes	
  has	
  been	
  measured	
  
in	
  CH2Cl2.	
  The	
  electronic	
  absorption	
  spectra	
  show	
  similarities	
  between	
  [Ir(ppy)2(8)][PF6]	
  and	
  
[Ir(ppy)2(9)][PF6]	
   through	
   the	
   whole	
   spectrum,	
   and	
   between	
   [Ir(ppy)2(6)][PF6]	
   and	
  
[Ir(ppy)2(7)][PF6]	
  mainly	
  in	
  the	
  UV	
  region	
  (see	
  Figure	
  6.8).	
  All	
  four	
  complexes	
  show	
  relatively	
  
intense	
  bands	
  between	
  λ	
  240	
  and	
  410	
  nm.	
  These	
  absorptions	
  are	
  assigned	
  to	
   ligand-­‐based	
  
π*	
  	
  π	
  and	
  π*	
  	
  n	
  transitions.	
  The	
  phenyl	
  ring	
  on	
  the	
  tpy	
  ligand	
  extends	
  the	
  π-­‐conjugation,	
  
leading	
  to	
  the	
  bigger	
  range	
  for	
  these	
  transitions.5	
  At	
  higher	
  wavelengths,	
  there	
  are	
  the	
  MLCT	
  
transitions,	
  with	
  much	
   lower	
   intensities.	
  This	
   is	
  mainly	
   seen	
   in	
   [Ir(ppy)2(6)][PF6]	
  at	
  475	
  nm	
  
(inset	
   in	
   Figure	
   6.8).	
   The	
  more	
   electron	
   donating	
   the	
   substituent,	
   the	
  more	
   shifted	
   is	
   the	
  
absorption	
   band	
   around	
   380	
   nm	
   towards	
   lower	
   energies.5	
   [Ir(ppy)2(7)][PF6]	
   and	
  
[Ir(ppy)2(9)][PF6]	
  show	
  very	
  similar	
  spectra	
  in	
  this	
  region,	
  both	
  having	
  an	
  oxygen	
  atom	
  on	
  the	
  
tpy	
   ligand.	
   [Ir(ppy)2(8)][PF6]	
   has	
   a	
   sulfur	
   atom	
   instead	
   and	
   this	
   leads	
   to	
   a	
   shift	
   in	
   the	
  
absorption	
  bands	
   to	
   lower	
  energy.	
  Changing	
   to	
   the	
  nitrogen	
  atom	
   in	
   [Ir(ppy)2(6)][PF6],	
   the	
  
electron	
  donating	
  effect	
  is	
  further	
  increased,	
  yielding	
  a	
  shift	
  of	
  the	
  band	
  around	
  370	
  nm	
  to	
  
lower	
  energy	
  to	
  386	
  nm.	
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Figure	
  6.8	
  Absorption	
  spectra	
  in	
  aerated	
  CH2Cl2	
  solutions	
  (c	
  =	
  1.00	
  x	
  10
-­‐5	
  M,	
  298	
  K),	
  with	
  an	
  inset	
  to	
  zoom	
  to	
  the	
  MLCT	
  
region	
  between	
  430	
  and	
  530	
  nm.	
  
Excitation	
  between	
  λ	
   255	
  and	
  360	
  nm	
   leads	
   to	
   an	
  orange	
  emission	
   for	
   all	
   four	
   complexes	
  
(Figure	
   6.9).	
   The	
   emission	
   maxima	
   are	
   580,	
   589,	
   595	
   and	
   590	
   nm,	
   with	
   the	
   broad	
   and	
  
unstructured	
  shape,	
  which	
  has	
  been	
  seen	
  before	
  in	
  complexes	
  containing	
  a	
  combination	
  of	
  
neutral	
  diimine	
  and	
  cyclometallating	
  ligands.1,	
  4,	
  6	
  The	
  effect	
  of	
  changing	
  the	
  substituent	
  on	
  
the	
  phenyl	
  ring	
  of	
  the	
  tpy	
  ligand	
  does	
  not	
  significantly	
  affect	
  the	
  emission	
  maxima.	
  All	
  four	
  
emission	
  maxima	
  are	
  similar	
  to	
  the	
  simple	
  [Ir(ppy)2(tpy)][PF6]	
  compound	
  (see	
  Section	
  5.5).	
  	
  
	
  
Figure	
   6.9	
   Normalized	
   emission	
   spectra	
   of	
   complexes	
   [Ir(ppy)2(6)][PF6],	
   [Ir(ppy)2(7)][PF6],	
   [Ir(ppy)2(8)][PF6]	
   and	
  
[Ir(ppy)2(9)][PF6]	
  in	
  CH2Cl2	
  solutions	
  (c	
  =	
  1.00	
  x	
  10
-­‐5	
  M,	
  298	
  K).	
  
The	
   quantum	
   yield	
  measurements	
  were	
   performed	
   on	
   CH2Cl2	
   solutions	
   of	
   the	
   complexes,	
  
which	
   had	
   been	
   bubbled	
   with	
   argon	
   for	
   15	
   minutes	
   prior	
   to	
   the	
   measurements.	
  
[Ir(ppy)2(6)][PF6]	
   shows	
   the	
   highest	
   quantum	
   yield	
   of	
   this	
   series	
   of	
   complexes	
   (9.9%),	
  
whereas	
  the	
  other	
   three	
  complexes	
  are	
  around	
  6%.	
  These	
  quantum	
  yields	
  are	
  significantly	
  
higher	
  than	
  the	
  compound	
  with	
  the	
  tolyl-­‐tpy	
  ligand	
  (1.7%).1	
  This	
  difference	
  can	
  be	
  explained	
  
with	
   the	
   emission	
   maximum	
   being	
   at	
   625	
   nm.	
   The	
   general	
   trend	
   for	
   cationic	
   iridium	
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complexes	
  towards	
  further	
  red	
  emission	
  maxima	
  leads	
  to	
  lower	
  quantum	
  yields	
  (see	
  Section	
  
5.5).5,	
  7	
  
	
  
6.5. Electrochemical	
  properties	
  
All	
   four	
  complexes	
  are	
  electrochemically	
  active.	
  Cyclic	
  voltammetry	
   for	
  all	
   complexes	
  have	
  
been	
  measured	
  in	
  CH2Cl2	
  solutions	
  with	
  0.1	
  M	
  [nBu4N][PF6]	
  supporting	
  electrolyte	
  at	
  a	
  scan	
  
rate	
  of	
  0.1	
  V	
  s-­‐1.	
  The	
  cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  internal	
  Fc/Fc+	
  are	
  presented	
  in	
  
Table	
   6.2.	
   Unless	
   otherwise	
   stated,	
   the	
   electrochemical	
   processes	
   are	
   reversible	
   or	
   near-­‐
reversible.	
  For	
  all	
  four	
  complexes	
  the	
  reversible	
  or	
  quasi	
  reversible	
  oxidations	
  between	
  +0.74	
  
V	
  and	
  +0.84	
  V	
  was	
  assigned	
  to	
  an	
  iridium-­‐centred	
  process.	
  Changing	
  the	
  substituent	
  on	
  the	
  
tpy	
  ligand	
  has	
  only	
  a	
  minor	
  effect	
  on	
  the	
  first	
  oxidation	
  potential.	
  	
  
All	
  four	
  complexes	
  show	
  ligand	
  centred	
  quasi-­‐reversible	
  reduction	
  processes.	
  Similar	
  to	
  the	
  
metal	
   centred	
   oxidation	
   the	
   reduction	
   processes	
   are	
   not	
   affected	
   by	
   changing	
   the	
  
substituents	
  on	
  the	
  tpy	
  ligands.	
  	
  
Table	
  6.2	
  Cyclic	
  voltammetric	
  data	
  with	
  respect	
  to	
  Fc/Fc+;	
  CH2Cl2	
  solutions	
  with	
  0.1	
  M	
  [
nBu4N][PF6]	
  supporting	
  electrolyte,	
  
and	
  scan	
  rate	
  of	
  0.1	
  V	
  s–1	
  (ir	
  =	
  irreversible;	
  qr	
  =	
  quasi-­‐reversible).	
  
Compound	
   E1/2ox	
  /	
  V	
   E1/2red	
  /	
  V	
   ΔE1/2	
  /	
  V	
  
[Ir(ppy)2(6)][PF6]	
   +0.74ir	
   –1.74ir,	
  –2.05qr	
   2.48	
  
[Ir(ppy)2(7)][PF6]	
   +0.77qr	
   –1.85qr	
   2.62	
  
[Ir(ppy)2(8)][PF6]	
   +0.84ir	
   –1.82qr	
   2.66	
  
[Ir(ppy)2(9)][PF6]	
   +0.75ir	
  	
   –1.86qr,	
  –2.15ir	
   2.61	
  
	
  
The	
  ΔE1/2	
  values	
  of	
  the	
  complexes	
  are	
  in	
  accord	
  with	
  the	
  previously	
  mentioned	
  observations.	
  
All	
  the	
  four	
  complexes	
  show	
  emission	
  maxima	
  in	
  the	
  orange	
  region	
  around	
  600	
  nm	
  and	
  they	
  
all	
  have	
  similar	
  ΔE1/2	
  values.	
  Comparison	
  with	
  the	
  archetype4	
  [Ir(ppy)2(pbpy)][PF6]	
  and	
  with	
  
the	
   complexes	
   discussed	
   in	
   Chapter	
   3	
   (see	
   Section	
   3.5),	
   show	
   comparable	
   values	
   in	
   the	
  
emission	
   spectra	
   as	
   well	
   as	
   in	
   the	
   electrochemical	
   processes.	
   A	
   second	
   oxidation	
   around	
  
+0.95	
   V	
   is	
   observed	
   in	
   all	
   four	
   complexes.	
   It	
   appears	
   to	
   be	
   reasonable	
   to	
   assume	
   that	
  
this	
  originates	
  from	
  the	
  quasi-­‐reversible	
  oxidation	
  of	
  chloride	
  ion.	
  
	
  
6.6. Device	
  performances	
  
All	
  four	
  complexes	
  have	
  been	
  tested	
  in	
  thin	
  films	
  with	
  ionic	
  liquid	
  for	
  their	
  photoluminescent	
  
and	
  electroluminescent	
  properties,	
  similar	
  to	
  the	
  previously	
  described	
  complexes.	
  Compared	
  
to	
  the	
  solution	
  PL	
  emission	
  maxima,	
  in	
  thin	
  films	
  with	
  ionic	
  liquid	
  (iTMC:[BMIM][PF6]	
  4:1)	
  the	
  
emission	
  maxima	
  are	
  slightly	
  red-­‐shifted	
  (λem	
  =	
  600,	
  591,	
  604,	
  593	
  nm).	
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This	
  red-­‐shift	
   is	
  even	
  stronger	
  when	
  changing	
  to	
  electroluminescence	
  (λem	
  =	
  632,	
  602,	
  620,	
  
625	
   nm).	
   The	
   short	
   turn-­‐on	
   times	
   (below	
   6	
   min)	
   show	
   the	
   good	
   ionic	
   mobility	
   of	
   the	
  
complexes	
  and	
  therefore	
  the	
  injection	
  of	
  electrons	
  and	
  holes	
  is	
  good	
  as	
  well.	
  In	
  LEC	
  devices,	
  
the	
  performances	
  are	
  poor.	
  Some	
  data	
  are	
  presented	
  in	
  Table	
  6.3.	
  
Table	
  6.3	
  Device	
  performances	
  of	
  the	
  complexes	
  (see	
  text).	
  
iTMC	
  
PL	
  λem	
  
[nm]	
   PLQY	
  
turn	
  on	
  
time	
  ton	
  
Luminancemax	
  
[cd/m2]	
  
EL	
  λem	
  
[nm]	
   EQE	
  
[Ir(ppy)2(6)][PF6]	
   600	
   4.6%	
   <1min	
   1	
   632	
   <	
  0.1%	
  
[Ir(ppy)2(7)][PF6]	
   591	
   23.5%	
   3.6min	
   54	
   602	
   0.3%	
  
[Ir(ppy)2(8)][PF6]	
   604	
   15.8%	
   6	
  min	
   29	
   620	
   0.2%	
  
[Ir(ppy)2(9)][PF6]	
   593	
   11.3%	
   <1min	
   60	
   625	
   0.4%	
  
	
  
The	
  low	
  luminance	
  maximum	
  of	
  [Ir(ppy)2(6)][PF6]	
  compared	
  to	
  the	
  other	
  three	
  complexes	
  is	
  
an	
   indication	
   that	
   the	
   amino	
   group	
   has	
   a	
   negative	
   effect	
   on	
   the	
   device	
   performance	
   and	
  
should	
   therefore	
   be	
   avoided	
   in	
   complexes.	
   Currently,	
   this	
   compound	
   is	
   still	
   under	
   further	
  
investigation	
  (e.g.	
  theoretical	
  studies)	
  in	
  order	
  to	
  fully	
  understand	
  this	
  observation.	
  	
  
	
  
6.7. Conclusion	
  and	
  outlook	
  
Changing	
  the	
  substituents	
  on	
  the	
  tpy	
  ligand	
  with	
  a	
  phenyl	
  spacer	
  in	
  between,	
  seems	
  to	
  have	
  
only	
  minor	
  effects	
  on	
  the	
  photophysical	
  and	
  electrochemical	
  properties	
  in	
  these	
  iridium(III)	
  
complexes.	
  	
  
Enhanced	
   rigidity	
   of	
   the	
   complexes	
   in	
   the	
   polypyridine	
   ligands,	
   e.g.	
   through	
   reduced	
  
rotational	
  freedom	
  of	
  the	
  phenyl	
  spacer,	
  could	
  lead	
  to	
  a	
  stronger	
  dependence	
  between	
  the	
  
photophysical	
  and	
  electrochemical	
  properties	
  of	
  the	
  complex	
  and	
  the	
  structural	
  differences.	
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6.8. Experimental	
  
6.8.1. [Ir(ppy)2(6)][PF6]	
  
	
  
A	
   yellow	
   suspension	
   of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.2	
  mg,	
   0.100	
  mmol)	
   and	
   4’-­‐aniline-­‐2,2’:6’,2’’-­‐
terpyridine	
  (65.7	
  mg,	
  0.201	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  
for	
  2	
  hours	
  at	
  120°C	
  (P	
  =	
  15	
  bar).	
  The	
  orange	
  solution	
  was	
  then	
  cooled	
  to	
  room	
  temperature,	
  
and	
   solid	
   sodium	
   NH4PF6	
   (excess)	
   was	
   added.	
   The	
   mixture	
   was	
   stirred	
   for	
   1	
   hr	
   at	
   room	
  
temperature	
  to	
  give	
  an	
  orange	
  solid,	
  solvent	
  was	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  material	
  
was	
  dissolved	
  in	
  dichloromethane	
  followed	
  by	
  an	
  upper	
  layer	
  of	
  diethyl	
  ether.	
  The	
  flask	
  was	
  
left	
   to	
   stand	
   for	
   2	
   days	
   in	
   which	
   a	
   crystalline	
   solid	
   formed.	
   After	
   decanting	
   the	
   solvent	
  
mixture	
  [Ir(ppy)2(6)][PF6]	
  was	
  isolated	
  as	
  an	
  orange-­‐red	
  solid	
  (190	
  mg,	
  0.196	
  mmol,	
  97.2%).	
  
1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.90	
  (s,	
  1H,	
  HB6),	
  8.62	
  (d,	
  J	
  =	
  6.5	
  Hz,	
  1H,	
  HF3),	
  8.61	
  (s,	
  
1H,	
  HE3),	
  8.22	
  (d,	
  J	
  =	
  4.6	
  Hz,	
  1H,	
  HG6),	
  8.17	
  –	
  8.12	
  (m,	
  1H,	
  HE4),	
  7.90	
  –	
  7.84	
  (m,	
  2H,	
  HB3+D3),	
  
7.79	
  (tdd,	
  J	
  =	
  16.0,	
  7.8,	
  1.5	
  Hz,	
  3H,	
  HB4+D4+E6),	
  7.72	
  –	
  7.68	
  (m,	
  2H,	
  HH2),	
  7.62	
  (dd,	
  J	
  =	
  7.9,	
  1.2	
  
Hz,	
  1H,	
  HA3),	
  7.56	
  (d,	
  J	
  =	
  2.0	
  Hz,	
  1H,	
  HF5),	
  7.45	
  (dd,	
  J	
  =	
  5.7,	
  0.5	
  Hz,	
  1H,	
  HD6),	
  7.39	
  –	
  7.34	
  (m,	
  2H,	
  
HE5+C3),	
  7.14	
  (m,	
  1H,	
  HB5),	
  7.12	
  (td,	
  J	
  =	
  7.8,	
  1.8	
  Hz,	
  1H,	
  HG4),	
  6.99	
  –	
  6.94	
  (m,	
  2H,	
  HA4+D5),	
  6.92	
  
(ddd,	
  J	
  =	
  7.6,	
  4.9,	
  1.1	
  Hz,	
  1H,	
  HG4),	
  6.82	
  –	
  6.79	
  (m,	
  2H,	
  HH3),	
  6.77	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HA5),	
  
6.64	
  (td,	
  J	
  =	
  7.7,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.54	
  (d,	
  J	
  =	
  7.6	
  Hz,	
  1H,	
  HG3),	
  6.33	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HC5),	
  
5.91	
   (dd,	
   J	
  =	
  7.7,	
  0.9	
  Hz,	
  1H,	
  HA6),	
  5.47	
   (dd,	
   J	
  =	
  7.6,	
  0.7	
  Hz,	
  1H,	
  HC6),	
  3.65	
   (s,	
  2H,	
  HNH2).	
  13C	
  
NMR	
  (126	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  168.8	
  (CD2),	
  167.1	
  (CB2),	
  163.3	
  (CF6),	
  157.7	
  (CE2),	
  157.5	
  
(CF2),	
   156.7	
   (CG2),	
   152.7	
   (CB6),	
   151.6	
   (CF4),	
   150.8	
   (2C,	
  CE6+H4),	
   150.7	
   (CC1),	
   148.6	
   (CG6),	
   148.4	
  
(CD6),	
   147.5	
   (CA1),	
   143.7	
   (CA2),	
   142.8	
   (CC2),	
   139.7	
   (CE4),	
   138.6	
   (CD4),	
   138.5	
   (CB4),	
   136.6	
   (CG4),	
  
132.8	
   (CC6),	
   131.1	
   (CA6),	
   130.9	
   (CA5),	
   130.4	
   (CC5),	
   129.2	
   (CH2),	
   128.0	
   (CE5),	
   125.5	
   (CE3),	
   125.1	
  
(CA3),	
   124.9	
   (CF5),	
   124.5	
   (CG5),	
   124.3	
   (CC3),	
   123.9	
   (CH1),	
   123.3	
   (CB5),	
   123.2	
   (CD5),	
   123.1	
   (2C,	
  
CA4+G3),	
  121.2	
  (CC4),	
  120.1	
  (CF3),	
  119.9	
  (CD3),	
  119.8	
  (CB3),	
  115.7	
  (CH3).	
  IR	
  (solid)	
  ν/cm-­‐1	
  3393	
  (w,	
  
νAniline),	
  3048	
  (w,	
  νAniline),	
  2356	
  (w),	
  1700	
  (m),	
  1597	
  (m),	
  1583	
  (m),	
  1521	
  (w),	
  1474	
  (m),	
  1412	
  
(w),	
  1364	
  (w),	
  1305	
  (w),	
  1254	
  (w),	
  1228	
  (w),	
  1189	
  (w),	
  1164	
  (w),	
  1064	
  (w),	
  1030	
  (w),	
  1003	
  
(w),	
  942	
  (w),	
  879	
  (w),	
  828	
  (s),	
  803	
  (m),	
  788	
  (m),	
  753	
  (m),	
  728	
  (m),	
  668	
  (m),	
  602	
  (s).	
  MS	
  (ESI,	
  
m/z):	
  825.4	
  [M-­‐PF6]+	
  (calc.	
  825.2).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  1.00	
  ×	
  10–5	
  mol	
  
dm–3):	
  259	
  (52’100),	
  339	
  (24'800),	
  382	
  (25'500),	
  475	
  (2'100).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  1.00	
  x	
  
10-­‐5	
  mol	
  dm–3,	
  λex	
  =	
  255	
  nm):	
  λem	
  =	
  580	
  nm.	
  Quantum	
  yield	
  (CH2Cl2,	
  degassed	
  with	
  argon,	
  λex	
  
=	
   260	
   nm,	
   integration	
   range:	
   500	
   –	
   800	
   nm):	
   0.099.	
   Elem.	
   Anal.	
   calcd.	
   for	
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C43H32N6IrPF6·∙1.5H2O	
   (996.96)	
   C	
   51.80,	
   H	
   3.54,	
   N,	
   8.43;	
   found	
   C	
   51.87,	
   H	
   3.48,	
   N	
   8.38.	
  
Electrochemistry:	
  E1ox:	
  +0.74	
  V/irr,	
  E1red:	
  -­‐1.36	
  V/irr,	
  E2red:	
  -­‐2.07	
  V/-­‐2.02q	
  V.	
  
	
  
6.8.2. [Ir(ppy)2(7)][PF6]	
  
	
  
A	
  yellow	
  suspension	
  of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.2	
  mg,	
  0.100	
  mmol)	
  and	
  4’-­‐phenyl-­‐p-­‐methoxy-­‐
2,2’:6’,2’’-­‐terpyridine	
  (67.5	
  mg,	
  0.199	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  
reactor	
   for	
   2	
   hours	
   at	
   120°C	
   (P	
   =	
   12	
   bar).	
   The	
   orange	
   solution	
  was	
   then	
   cooled	
   to	
   room	
  
temperature,	
  and	
  solid	
  NH4PF6	
  (excess)	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  30	
  minutes	
  
at	
   room	
   temperature.	
   As	
   no	
   precipitate	
   appeared,	
   AgPF6	
   (excess)	
   was	
   added,	
   the	
   stirring	
  
continued	
  for	
  1	
  hour	
  and	
  then	
  the	
  mixture	
  was	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  material	
  
was	
  purified	
  twice	
  by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90	
  and	
  Fluka	
  Silica	
  
60;	
   CH2Cl2	
   changing	
   to	
   CH2Cl2:MeOH	
  =	
   100:2).	
   [Ir(ppy)2(7)][PF6]	
  was	
   isolated	
   as	
   an	
   orange	
  
solid	
   (159	
  mg,	
   0.162	
  mmol,	
   81.2%).	
   1H	
  NMR	
   (500	
  MHz,	
   CD2Cl2,	
   298	
  K)	
   δ/ppm	
  8.89	
   (s,	
   1H,	
  
HB6),	
  8.67	
  (d,	
  J	
  =	
  2.0	
  Hz,	
  1H,	
  HF3),	
  8.65	
  (d,	
  J	
  =	
  8.3	
  Hz,	
  1H,	
  HE3),	
  8.22	
  (d,	
  J	
  =	
  4.5	
  Hz,	
  1H,	
  HG6),	
  8.17	
  
(ddd,	
  J	
  =	
  8.2,	
  7.7,	
  1.6	
  Hz,	
  1H,	
  HE4),	
  7.88	
  (dd,	
  J	
  =	
  1.3,	
  0.7	
  Hz,	
  1H,	
  HB3),	
  7.86	
  (d,	
  J	
  =	
  6.9	
  Hz,	
  1H,	
  
HD3),	
  7.85	
  –	
  7.82	
  (m,	
  2H,	
  HH2),	
  7.82	
  –	
  7.75	
  (m,	
  3H,	
  HB4+D4+E6),	
  7.62	
  (dd,	
  J	
  =	
  7.9,	
  1.2	
  Hz,	
  1H,	
  HA3),	
  
7.61	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF5),	
  7.45	
  (dd,	
  J	
  =	
  5.8,	
  0.5	
  Hz,	
  1H,	
  HD6),	
  7.39	
  (ddd,	
  J	
  =	
  7.6,	
  5.5,	
  1.2	
  Hz,	
  
1H,	
  HE5),	
  7.36	
  (dd,	
  J	
  =	
  7.8,	
  1.1	
  Hz,	
  1H,	
  HC3),	
  7.14	
  (ddd,	
  J	
  =	
  7.4,	
  5.9,	
  1.5	
  Hz,	
  1H,	
  HB5),	
  7.12	
  (dd,	
  J	
  
=	
  8.3,	
  6.9	
  Hz,	
  1H,	
  HG4),	
  7.11	
  –	
  7.07	
  (m,	
  2H,	
  HH3),	
  7.00	
  –	
  6.95	
  (m,	
  2H,	
  HA4+D5),	
  6.93	
  (ddd,	
  J	
  =	
  7.6,	
  
4.9,	
  0.9	
  Hz,	
  1H,	
  HG5),	
  6.77	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HA5),	
  6.67	
  –	
  6.62	
  (m,	
  1H,	
  HC4),	
  6.55	
  (d,	
  J	
  =	
  7.6	
  
Hz,	
  1H,	
  HG3),	
  6.34	
  (td,	
  J	
  =	
  7.4,	
  1.3	
  Hz,	
  1H,	
  HC5),	
  5.90	
  (dd,	
  J	
  =	
  7.8,	
  0.8	
  Hz,	
  1H,	
  HA6),	
  5.47	
  (dd,	
  J	
  =	
  
7.6,	
  0.6	
  Hz,	
  1H,	
  HC6),	
  3.88	
  (s,	
  3H,	
  HCH3).	
  13C	
  NMR	
  (126	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  168.8	
  (CD2),	
  
167.1	
   (CB2),	
   163.6	
   (CF6),	
   162.9	
   (CH4),	
   157.8	
   (CF2),	
   157.5	
   (CE2),	
   156.6	
   (CG2),	
   152.8	
   (CB6),	
   151.5	
  
(CF4),	
   150.9	
   (CE6),	
   150.6	
   (CC1),	
   148.5	
   (CD6),	
   148.3	
   (CG6),	
   147.3	
   (CA1),	
   143.7	
   (CA2),	
   142.8	
   (CC2),	
  
139.8	
   (CE4),	
   138.6	
   (CD4),	
   138.5	
   (CB4),	
   137.1	
   (CG4),	
   132.8	
   (CC6),	
   131.1	
   (CA6),	
   131.0	
   (CA5),	
   130.5	
  
(CC5),	
   129.4	
   (CH2),	
   128.2	
   (CE5),	
   127.5	
   (CH1),	
   125.9	
   (CF5),	
   125.7	
   (CE3),	
   125.1	
   (CA3),	
   124.6	
   (CG5),	
  
124.3	
  (CC3),	
  123.3	
  (3C,	
  CA4+B5+G3),	
  123.2	
  (CD5),	
  121.3	
  (CC4),	
  121.1	
  (CF3),	
  119.9	
  (CD3),	
  119.8	
  (CB3),	
  
115.6	
  (CH3),	
  56.2	
  (CCH3).	
  IR	
  (solid):	
  ν/cm-­‐1	
  =	
  3042	
  (w,	
  νOMe),	
  2344	
  (w),	
  1700	
  (m),	
  1603	
  (s),	
  1583	
  
(s),	
  1517	
  (m),	
  1476	
  (s),	
  1459	
  (m),	
  1437	
  (m),	
  1424	
  (m),	
  1420	
  (m),	
  1410	
  (m),	
  1399	
  (m),	
  1366	
  
(w),	
  1303	
  (m),	
  1268	
  (m),	
  1247	
  (s),	
  1231	
  (m),	
  1181	
  (m),	
  1164	
  (m),	
  1122	
  (w),	
  1095	
  (w),	
  1065	
  
(w),	
  1030	
  (m),	
  1003	
  (m),	
  994	
  (w),	
  879	
  (w),	
  828	
  (s),	
  828	
  (s),	
  804	
  (s),	
  788	
  (s),	
  753	
  (s),	
  727	
  (s).	
  MS	
  
(ESI,	
  m/z):	
  840.3	
  [M-­‐PF6]+	
  (calc.	
  840.2).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  1.00	
  ×	
  10–5	
  
Chapter	
  6	
  
122	
  
	
  
mol	
  dm–3):	
  258	
  (42’200),	
  274	
  (42'700),	
  365	
  (15’300),	
  386	
  (10’500).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  
1.00	
   x	
   10-­‐5	
  mol	
  dm-­‐3,	
   λex	
   =	
   320	
  nm):	
   λem	
   =	
   589	
  nm.	
  Quantum	
  yield	
   (CH2Cl2,	
   degassed	
  with	
  
argon,	
   λex	
   =	
   260	
   nm,	
   integration	
   range:	
   520	
   –	
   800	
   nm):	
   0.061.	
   Elem.	
   Anal.	
   calcd.	
   for	
  
C44H33N5OIrPF6·∙H2O	
   (1002.96)	
   C	
   52.69,	
   H	
   3.52,	
   N,	
   6.98;	
   found	
   C	
   52.55,	
   H	
   3.40,	
   N	
   6.92.	
  
Electrochemistry:	
  E1ox:	
  +0.83	
  V/+0.70q	
  V,	
  E1red:	
  -­‐1.94	
  V/-­‐1.76q	
  V.	
  
	
  
6.8.3. [Ir(ppy)2(8)][PF6]	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (107.2	
  mg,	
  0.100	
  mmol)	
  and	
  4’-­‐phenyl-­‐p-­‐thiomethyl-­‐
2,2’:6’,2’’-­‐terpyridine	
  (70.7	
  mg,	
  0.199	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  
reactor	
   for	
   2	
   hours	
   at	
   120°C	
   (P	
   =	
   13	
   bar).	
   The	
   red	
   solution	
   was	
   then	
   cooled	
   to	
   room	
  
temperature,	
  and	
  solid	
  NH4PF6	
  (excess)	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  30	
  minutes	
  
at	
   room	
   temperature.	
   As	
   no	
   precipitate	
   appeared	
   AgPF6	
   (excess)	
   was	
   added,	
   the	
   stirring	
  
continued	
  for	
  1	
  hour	
  and	
  then	
  the	
  mixture	
  was	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  material	
  
was	
  purified	
  twice	
  by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90	
  and	
  Fluka	
  Silica	
  
60;	
  CH2Cl2	
  changing	
  to	
  CH2Cl2:MeOH	
  =	
  100:2).	
  [Ir(ppy)2(8)][PF6]	
  was	
  isolated	
  as	
  a	
  pale	
  orange	
  
solid	
  (180.0	
  mg,	
  0.179	
  mmol,	
  90.2%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.86	
  (s,	
  1H,	
  
HB6),	
  8.70	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF3),	
  8.66	
  (d,	
  J	
  =	
  8.2	
  Hz,	
  1H,	
  HE3),	
  8.23	
  (d,	
  J	
  =	
  4.7	
  Hz,	
  1H,	
  HG6),	
  8.17	
  
(td,	
  J	
  =	
  8.0,	
  1.6	
  Hz,	
  1H,	
  HE4),	
  7.88	
  (t,	
  J	
  =	
  8.2	
  Hz,	
  2H,	
  HB3+D3),	
  7.83	
  –	
  7.76	
  (m,	
  5H,	
  HB4+D4+E6+H2),	
  
7.65	
  (s,	
  1H,	
  HF5),	
  7.62	
  (dd,	
  J	
  =	
  7.9,	
  1.1	
  Hz,	
  1H,	
  HA3),	
  7.46	
  (d,	
  J	
  =	
  5.5	
  Hz,	
  1H,	
  HD6),	
  7.43	
  –	
  7.38	
  (m,	
  
3H,	
  HC3+H3),	
  7.37	
  (dd,	
  J	
  =	
  7.8,	
  1.0	
  Hz,	
  1H,	
  HC3),	
  7.20	
  –	
  7.12	
  (m,	
  2H,	
  HB5+G4),	
  7.02	
  –	
  6.94	
  (m,	
  3H,	
  
HA4+D5+G5),	
  6.78	
  (td,	
  J	
  =	
  7.5,	
  1.3	
  Hz,	
  1H,	
  HA5),	
  6.65	
  (td,	
  J	
  =	
  7.8,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.57	
  (d,	
  J	
  =	
  7.3	
  
Hz,	
  1H,	
  HG3),	
  6.35	
  (td,	
  J	
  =	
  7.5,	
  1.2	
  Hz,	
  1H,	
  HC5),	
  5.90	
  (dd,	
  J	
  =	
  7.7,	
  0.9	
  Hz,	
  1H,	
  HA6),	
  5.49	
  (d,	
  J	
  =	
  
7.8	
  Hz,	
   1H,	
  HC6),	
   2.55	
   (s,	
   3H,	
  HCH3).	
   13C	
  NMR	
   (126	
  MHz,	
   CD2Cl2,	
   298	
   K)	
   δ/ppm	
  168.7	
   (CD2),	
  
167.1	
   (CB2),	
   157.9	
   (CF2),	
   157.4	
   (CE2),	
   152.8	
   (CG2),	
   152.6	
   (CB6),	
   151.3	
   (CF4),	
   150.9	
   (CE6),	
   150.5	
  
(CC1),	
   148.6	
   (CD6),	
   148.1	
   (CG6),	
   147.2	
   (CA1),	
   144.3	
   (CH4),	
   143.7	
   (CA2),	
   142.9	
   (CC2),	
   139.8	
   (CE4),	
  
138.7	
   (CD4),	
  138.6	
   (CB4),	
  136.9	
   (CG4),	
  132.9	
   (CC6),	
  131.3	
   (CH1),	
  131.1	
   (CA6),	
  131.0	
   (CA5),	
  130.5	
  
(CC5),	
   128.4	
   (CE5),	
   128.1	
   (CH2),	
   126.8	
   (CH3),	
   126.3	
   (CF5),	
   125.8	
   (CE3),	
   125.1	
   (CA3),	
   124.8	
   (CG5),	
  
124.4	
   (CC3),	
  123.4	
   (2C,	
  CB5+G3),	
  123.3	
   (CA4),	
  123.2	
   (CD5),	
  121.3	
   (2C,	
  CC4+F3),	
  119.9	
   (CD3),	
  119.8	
  
(CB3),	
  15.3	
  (CCH3).	
   IR	
   (solid):	
  ν/cm-­‐1	
  =	
  3038	
  (w,	
  νSMe),	
  1700	
  (w),	
  1607	
  (s),	
  1583	
  (s),	
  1565	
  (m),	
  
1476	
   (s),	
  1420	
   (m),	
  1393	
   (m),	
  1364	
   (w),	
  1317	
   (w),	
  1307	
   (w),	
  1269	
   (w),	
  1255	
   (w),	
  1228	
   (w),	
  
1164	
  (m),	
  1099	
  (m),	
  1064	
  (w),	
  1030	
  (m),	
  993	
  (w),	
  960	
  (w),	
  879	
  (w),	
  831	
  (s),	
  831	
  (s),	
  785	
  (m),	
  
753	
   (s),	
   727	
   (s),	
   710	
   (m),	
   666	
   (w),	
   627	
   (s),	
   610	
   (s),	
   603	
   (m).	
  MS	
   (ESI,	
  m/z):	
   856.3	
   [M-­‐PF6]+	
  
	
   	
   Further	
  iridium(III)-­‐tpy	
  complexes	
  
123	
  
	
  
(calc.	
  856.2).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  1.00	
  ×	
  10–5	
  mol	
  dm–3):	
  256	
  (52’700),	
  
288	
  (41'200),	
  343	
  (26’100),	
  364	
  (26’600),	
  372	
  (25’700),	
  394	
  (18’000).	
  Luminescence	
  (CH2Cl2,	
  c	
  
=	
  1.00	
  x	
  10-­‐5	
  mol	
  dm-­‐3,	
  λex	
  =	
  325	
  nm):	
  λem	
  =	
  595	
  nm.	
  Quantum	
  yield	
  (CH2Cl2,	
  degassed	
  with	
  
argon,	
   λex	
   =	
   255	
   nm,	
   integration	
   range:	
   520	
   –	
   800	
   nm):	
   0.068.	
   Elem.	
   Anal.	
   calcd.	
   for	
  
C44H33IrN5SPF6·∙1.5H2O	
   (1028.19)	
   C	
   51.41,	
   H	
   3.53,	
   N,	
   6.81;	
   found	
   C	
   51.41,	
   H	
   3.27,	
   N	
   6.81.	
  
Electrochemistry:	
  E1ox:	
  +0.84	
  V/irr,	
  E1red:	
  -­‐1.90	
  V/-­‐1.73q	
  V.	
  
	
  
6.8.4. [Ir(ppy)2(9)][PF6]	
  
	
  
A	
   yellow	
   suspension	
  of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107.2	
  mg,	
   0.100	
  mmol)	
   and	
  4’-­‐phenyl-­‐p-­‐hydroxy-­‐
2,2’:6’,2’’-­‐terpyridine	
  (64.7	
  mg,	
  0.199	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  
reactor	
   for	
   2	
   hours	
   at	
   120°C	
   (P	
   =	
   13	
   bar).	
   The	
   orange	
   solution	
  was	
   then	
   cooled	
   to	
   room	
  
temperature,	
  and	
  solid	
  NH4PF6	
  (excess)	
  was	
  added.	
  The	
  mixture	
  was	
  stirred	
  for	
  30	
  minutes	
  
at	
   room	
   temperature.	
   As	
   no	
   precipitate	
   appeared	
   AgPF6	
   (excess)	
   was	
   added,	
   the	
   stirring	
  
continued	
  for	
  1	
  hour	
  and	
  then	
  the	
  mixture	
  was	
  evaporated	
  to	
  dryness.	
  The	
  crude	
  material	
  
was	
  purified	
  twice	
  by	
  column	
  chromatography	
  (Merck	
  aluminium	
  oxide	
  90,	
  CH2Cl2	
  changing	
  
to	
   CH2Cl2:MeOH:MeCN	
   =	
   100:5:5	
   and	
   Fluka	
   Silica	
   60;	
   CH2Cl2	
   changing	
   to	
   CH2Cl2:MeOH	
   =	
  
100:3).	
  [Ir(ppy)2(9)][PF6]	
  was	
  isolated	
  as	
  an	
  orange	
  solid	
  (154.0	
  mg,	
  0.158	
  mmol,	
  79.5%).	
  1H	
  
NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  8.98	
  (br,	
  1H,	
  HB6),	
  8.68	
  (d,	
  J	
  =	
  8.3	
  Hz,	
  1H,	
  HE3),	
  8.58	
  (d,	
  J	
  
=	
  2.0	
  Hz,	
  1H,	
  HF3),	
  8.48	
  (s,	
  1H,	
  HOH),	
  8.21	
  (d,	
  J	
  =	
  2.5	
  Hz,	
  1H,	
  HG6),	
  8.16	
  (ddd,	
  J	
  =	
  8.2,	
  7.7,	
  1.6	
  Hz,	
  
1H,	
  HE4),	
  7.89	
  (m,	
  1H,	
  HB3/D3),	
  7.86	
  (m,	
  1H,	
  HB3/D3),	
  7.82	
  (m,	
  3H,	
  HB4+D4+E6),	
  7.59	
  (dd,	
  J	
  =	
  7.8,	
  1.2	
  
Hz,	
  1H,	
  HA3),	
  7.56	
  (m,	
  2H,	
  HH2),	
  7.54	
  (d,	
  J	
  =	
  6.0	
  Hz,	
  1H,	
  HD6),	
  7.43	
  (d,	
  J	
  =	
  1.9	
  Hz,	
  1H,	
  HF5),	
  7.38	
  
(m,	
  2H,	
  HE5+C3),	
  7.17	
  (m,	
  2H,	
  HB5+G4),	
  7.03	
  –	
  6.95	
  (m,	
  3H,	
  HD5+G5+A4),	
  6.80	
  (td,	
  J	
  =	
  7.5,	
  1.4	
  Hz,	
  
1H,	
  HA5),	
  6.71	
  (d,	
  J	
  =	
  8.6	
  Hz,	
  2H,	
  HH3),	
  6.66	
  (ddd,	
  J	
  =	
  7.8,	
  7.3,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.56	
  (s,	
  1H,	
   ,	
  
HG3),	
  6.38	
  (td,	
  J	
  =	
  7.5,	
  1.2	
  Hz,	
  1H,	
  HC5),	
  5.91	
  (m,	
  1H,	
  HA6),	
  5.53	
  (d,	
  J	
  =	
  7.5	
  Hz,	
  1H,	
  HC6).	
  13C	
  NMR	
  
(126	
  MHz,	
  CD2Cl2,	
  298	
  K)	
  δ/ppm	
  168.7	
  (CD2),	
  167.2	
  (CB2),	
  160.4	
  (CF6),	
  160.0	
  (CH4),	
  157.5	
  (CF2),	
  
157.3	
   (CE2),	
   155.5	
   (CG2),	
   151.9	
   (CB6),	
   151.1	
   (CF4),	
   150.9	
   (CC1),	
   150.8	
   (CE6),	
   149.1	
   (CD6),	
   148.2	
  
(CG6),	
   147.4	
   (CA1),	
   143.7	
   (CA2),	
   143.2	
   (CC2),	
   139.8	
   (CE4),	
   138.7	
   (CB4/D4),	
   138.6	
   (CB4/D4),	
   137.2	
  
(CG4),	
   132.5	
   (CC6),	
   131.0	
   (CA5),	
   130.9	
   (CA6),	
   130.5	
   (CC5),	
   129.4	
   (CH2),	
   128.2	
   (CE5),	
   126.0	
   (CH1),	
  
125.9	
   (CF5),	
   125.8	
   (CE3),	
   125.1	
   (2C,	
  CA3+G5),	
   124.6	
   (CC3),	
   123.9	
   (CG3),	
   123.8	
   (CB5),	
   123.3	
   (CA4),	
  
123.2	
  (CD5),	
  121.3	
  (CC4),	
  120.9	
  (CF3),	
  120.0	
  (2C,	
  CB3+D3),	
  117.49	
  (CH3).	
  IR	
  (solid):	
  ν/cm-­‐1	
  =	
  3043	
  
(w,	
  νOH),	
  2601	
  (w),	
  2162	
  (w),	
  1663	
  (w),	
  1607	
  (s),	
  1583	
  (s),	
  1520	
  (m),	
  1477	
  (s),	
  1438	
  (m),	
  1419	
  
(m),	
  1404	
  (m),	
  1367	
  (w),	
  1319	
  (w),	
  1285	
  (m),	
  1270	
  (m),	
  1233	
  (m),	
  1163	
  (m),	
  1042	
  (m),	
  1031	
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(m),	
  1025	
  (m),	
  1009	
  (m),	
  830	
  (s),	
  828	
  (s),	
  805	
  (s),	
  790	
  (s),	
  755	
  (s),	
  739	
  (s),	
  730	
  (s),	
  627	
  (s),	
  618	
  
(s)	
  cm-­‐1.	
  MS	
  (ESI,	
  m/z):	
  826.3	
  [M-­‐PF6]+	
  (calc.	
  826.2).	
  UV-­‐Vis	
  λ/nm	
  (ε/dm3	
  mol–1	
  cm–1)	
  (CH2Cl2,	
  
1.00	
  ×	
  10–5	
  mol	
  dm–3):	
  256	
  (52’700),	
  364	
  (26'600).	
  Luminescence	
  (CH2Cl2,	
  c	
  =	
  1.00	
  x	
  10-­‐5	
  mol	
  
dm-­‐3,	
  λex	
  =	
  360	
  nm):	
  λem	
  =	
  590	
  nm.	
  Quantum	
  yield	
   (CH2Cl2,	
  degassed	
  with	
  argon,	
  λex	
  =	
  270	
  
nm,	
   integration	
   range:	
   490	
   –	
   815	
   nm):	
   0.058.	
   Elem.	
   Anal.	
   calcd.	
   for	
   C43H31IrN5OPF6·∙4H2O	
  
(1042.98)	
  C	
  49.52,	
  H	
  3.77,	
  N	
  6.71;	
  found	
  C	
  48.92,	
  H	
  3.37,	
  N	
  6.61.	
  Electrochemistry:	
  E1ox:	
  +0.75	
  
V/irr,	
  E1red:	
  -­‐1.90	
  V/-­‐1.81q	
  V,	
  E2red:	
  -­‐2.15	
  V/irr.	
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7. Exploring	
   the	
   stereochemical	
   complexity	
   of	
   octahedral	
  
iridium(III)	
  complexes	
  
	
  
7.1. Introduction	
  
Starting	
   from	
   the	
   archetypical	
   bis-­‐chelate	
   iridium(III)	
   dimer	
   [Ir2(ppy)4(µ-­‐Cl)2],1,	
   2	
   the	
   aim	
  of	
  
this	
   chapter	
   is	
   to	
   investigate	
  multinuclear	
   complexes	
   comprising	
   polygons	
   or	
   polyhedra	
   in	
  
which	
  the	
  vertices	
  are	
  {Ir(ppy)2}	
  units	
  and	
  the	
  edges	
  are	
  bridging	
  ligands	
  such	
  as	
  2,3’-­‐,	
  2,4’-­‐	
  
or	
  4,4’-­‐bpy.3	
  There	
  are	
  6	
  possible	
  isomers	
  of	
  bipyridine	
  (see	
  Scheme	
  7.1).	
  	
  
	
  
Scheme	
  7.1	
  The	
  isomers	
  of	
  bipyridine.	
  
The	
  ligands	
  chosen	
  were	
  2,4’-­‐bpy	
  and	
  4,4’-­‐bpy.	
  In	
  2,4’-­‐bpy	
  the	
  relative	
  positions	
  of	
  the	
  two	
  
N-­‐donors	
   are	
  unlikely	
   to	
  permit	
   the	
   ligand	
   to	
   adopt	
   a	
   bridging	
  mode	
  on	
   grounds	
  of	
   steric	
  
hindrance,	
  whereas	
  with	
   4,4’-­‐bpy	
  multinuclear	
   complexes	
   can	
   be	
   expected.	
   The	
   chelating	
  
behaviour	
  of	
  2,2’-­‐bpy	
  has	
  already	
  been	
  discussed	
  in	
  previous	
  chapters	
  (see	
  Chapters	
  2	
  and	
  
3).	
  
Although	
   there	
   is	
   a	
   wide	
   variety	
   of	
   cationic	
   iridium(III)	
   complexes,	
   reactions	
   with	
   non-­‐
chelating	
   bpy	
   have	
   not	
   previously	
   been	
   reported.4	
   Reactions	
  with	
   bis(pyridine)	
   ligands	
   (L)	
  
containing	
   linkers	
   between	
   the	
   pyridine	
   domains	
   lead	
   to	
   complexes	
   of	
   the	
   type	
  
[{Ir2(ppy)2Cl}2(µ-­‐L)]	
  or	
  [{Ir2(ppy)2}2(µ-­‐L)2]2+.5	
  	
  
	
  
7.2. Results	
  and	
  discussion	
  
7.2.1. [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  
The	
   reaction	
   was	
   performed	
   similarly	
   to	
   the	
   other	
   previously	
   described	
   complexation	
  
reactions.	
   Reacting	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   dimer	
   with	
   two	
   equivalents	
   of	
   2,4’-­‐bpy	
   under	
  
microwave	
  conditions	
  resulted	
  in	
  the	
  formation	
  of	
  yellow	
  crystals	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  in	
  
71.4%	
  yield	
  (Scheme	
  7.2).	
  The	
  ESI	
  mass	
  spectrum	
  showed	
  peaks	
  at	
  m/z	
  657.2	
  [M	
  –	
  Cl]+	
  and	
  
501.1	
  [Ir(ppy)2]+	
  and	
  the	
  observed	
  isotope	
  patterns	
  were	
  in	
  accord	
  with	
  those	
  simulated.	
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Scheme	
  7.2	
  Synthesis	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  with	
  atom	
  labelling	
  for	
  NMR	
  spectroscopic	
  assignments.	
  The	
  reaction	
  yields	
  
a	
  racemic	
  product,	
  only	
  the	
  Λ-­‐enantiomer	
  is	
  shown.	
  
The	
  absence	
  of	
  a	
  C2	
  axis	
  in	
  the	
  complex	
  results	
  in	
  each	
  proton	
  environment	
  in	
  the	
  {Ir(ppy)2}	
  
unit	
  being	
  unique.	
  The	
  1H	
  NMR	
  spectrum	
  (shown	
  in	
  Figure	
  7.1)	
   is	
  consistent	
  with	
  this	
   fact.	
  
Comparison	
  with	
  the	
  spectrum	
  of	
  the	
  free	
  2,4’-­‐bpy	
  ligand	
  indicates	
  that	
  the	
  major	
  shifts	
  are	
  
associated	
  with	
  the	
  4-­‐pyridyl	
  ring	
  E.	
  This	
  strongly	
   indicates	
  that	
  the	
   ligand	
  has	
  coordinated	
  
through	
  the	
  less-­‐hindered	
  nitrogen	
  instead	
  of	
  the	
  2-­‐pyridyl	
  ring.	
  	
  
The	
   1H	
   and	
   13C	
   NMR	
   spectra	
   were	
   assigned	
   using	
   COSY,	
   NOESY,	
   HMQC	
   and	
   HMBC	
  
spectroscopy.	
   The	
   assignment	
   of	
   the	
   cyclometallating	
   rings	
   A,	
   B,	
   C	
   and	
   D	
  was	
   performed	
  
with	
  the	
  help	
  of	
  NOESY	
  cross	
  peaks	
  between	
  the	
  pairs	
  of	
  protons	
  A6	
  and	
  D6,	
  C3	
  and	
  D3,	
  and	
  
A3	
  and	
  B3.	
  The	
  proximity	
  of	
  protons	
  B6	
  and	
  D6	
  to	
  the	
  chlorido	
  ligand	
  results	
  in	
  the	
  dramatic	
  
difference	
   in	
   their	
   chemical	
   shifts	
   (see	
   Figure	
   7.1).	
   This	
   is	
   also	
   seen	
   in	
   the	
   solid	
   state	
  
structure	
  which	
  is	
  discussed	
  later	
  (see	
  Figure	
  7.4).	
  	
  
At	
  room	
  temperature,	
  proton	
  signals	
  from	
  ring	
  E	
  are	
  broad	
  while	
  the	
  signals	
  from	
  ring	
  F	
  are	
  
sharp	
  and	
  well	
  resolved.	
  The	
  extremely	
  broad	
  resonance	
  for	
  protons	
  E2	
  is	
  centred	
  at	
  δ	
  9.05	
  
ppm	
  (see	
  inset	
  of	
  Figure	
  7.1).	
  The	
  resonance	
  for	
  protons	
  E3	
  is	
  centred	
  at	
  δ	
  7.85	
  ppm,	
  with	
  a	
  
line-­‐width	
   at	
   half-­‐height	
   of	
   approximately	
   15	
   Hz.	
   Upon	
   cooling	
   the	
   CD2Cl2	
   solution	
   of	
   the	
  
complex	
  from	
  298	
  K	
  to	
  213	
  K,	
  the	
  proton	
  signals	
  of	
  ring	
  E	
  split.	
  The	
  resonance	
  for	
  proton	
  E3	
  
at	
  δ	
  7.85	
  ppm	
  splits	
  into	
  two	
  signals	
  at	
  δ	
  7.96	
  ppm	
  and	
  δ	
  7.67	
  ppm.	
  The	
  signal	
  for	
  proton	
  E2	
  
at	
  δ	
  9.05	
  ppm	
  gives	
  rise	
  to	
  two	
  broadened	
  doublets	
  (J	
  ≈	
  5	
  Hz)	
  at	
  δ	
  9.85	
  ppm	
  and	
  δ	
  8.13	
  ppm.	
  
This	
   indicates	
   (similar	
   to	
   the	
   pendant	
   phenyl	
   and	
   pyridine	
   rings	
   discussed	
   in	
   previous	
  
chapters)	
   that	
   the	
   2,4’-­‐bpy	
   ligand	
   undergoes	
   hindered	
   rotation	
   about	
   the	
   Ir-­‐N	
   bond,	
   but	
  
there	
  is	
  free	
  rotation	
  on	
  the	
  NMR	
  timescale	
  about	
  the	
  C-­‐C	
  bond	
  between	
  the	
  two	
  pyridine	
  
rings	
  within	
  the	
  ligand.	
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Figure	
  7.1	
  500	
  MHz	
  1H	
  NMR	
  spectra	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  in	
  CD2Cl2	
  a)	
  at	
  298	
  K,	
  b)	
  at	
  213	
  K.	
  
In	
  the	
  13C	
  NMR	
  spectrum,	
  the	
  broadness	
  of	
  the	
  proton	
  signal	
  prevents	
  the	
  observation	
  of	
  an	
  
HMQC	
  cross-­‐peak.	
  The	
  E2	
  carbon	
  was	
  assigned	
  to	
  a	
  broadened	
  resonance	
  at	
  δ	
  152.6	
  ppm.	
  	
  
	
  
7.2.2. [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  in	
  DMSO	
  
Dissolution	
  of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   in	
  DMSO	
   leads	
   to	
   cleavage	
  of	
   the	
   chlorido	
  bridges	
   and	
   the	
  
formation	
  of	
  racemic	
  [Ir(ppy)2Cl(DMSO)].	
  6,	
  7,	
  8	
  Three	
  complexes	
  were	
  found	
  in	
  the	
  literature	
  
which	
   are	
   closely	
   related	
   to	
   [Ir(ppy)2Cl(DMSO)].	
   In	
   each	
   of	
   the	
   reported	
   compounds,	
  
structural	
  data	
  confirm	
  an	
  S-­‐bound	
  DMSO.6,	
  9,	
  10	
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Figure	
   7.2	
   500	
   MHz	
   1H	
   NMR	
   spectra	
   in	
   DMSO-­‐d6	
   at	
   298	
   K	
   of	
   a)	
   free	
   2,4'-­‐bpy	
   ligand,	
   b)	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   with	
  
resonances	
  due	
  to	
  the	
  2,4’-­‐bpy	
  marked	
  *,	
  c)	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  
	
  
The	
  1H	
  NMR	
  spectrum	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  dissolved	
  in	
  DMSO-­‐d6	
  is	
  depicted	
  in	
  Figure	
  7.2.	
  
Integration	
   of	
   the	
   peaks	
   is	
   consistent	
  with	
   the	
   compound.	
   Comparison	
   of	
   the	
   two	
  proton	
  
NMR	
   spectra	
   of	
   the	
   same	
   compound	
   in	
   different	
   solvents	
   shows	
   significant	
   differences	
  
(compare	
  Figure	
  7.1	
  and	
  Figure	
  7.2).	
  Most	
  obvious	
  are	
  the	
  following	
  changes:	
  	
  
• The	
  2,4’-­‐bpy	
  protons	
  show	
  sharp	
  resonances.	
  
• The	
  [ppy]-­‐	
   ligands	
  are	
  still	
  non-­‐equivalent	
  confirming	
  the	
  absence	
  of	
  a	
  C2	
  axis	
   in	
  the	
  
iridium(III)	
  complex	
  on	
  an	
  NMR	
  timescale.	
  
• The	
  presence	
  of	
  two	
  high	
  frequency	
  signals	
  at	
  δ	
  9.85	
  and	
  9.81	
  ppm.	
  	
  
The	
   high	
   frequency	
   signals	
   are	
   assigned	
   to	
   protons	
   HB6/D6	
   of	
   the	
   cyclometallating	
   [ppy]-­‐	
  
ligands.	
  Whereas	
  the	
  chemical	
  shifts	
  of	
  these	
  two	
  protons	
  show	
  similarity,	
  the	
  corresponding	
  
signals	
   in	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   are	
   significantly	
   separated:	
   δ	
   9.89	
   and	
   8.18	
   ppm.	
   The	
  
resonances	
  of	
  a	
  free	
  2,4’-­‐bpy	
   in	
  a	
  DMSO-­‐d6	
  solution	
  show	
  direct	
  coincidence	
  with	
  those	
  of	
  
[Ir(ppy)2(2,4’-­‐bpy)Cl],	
   while	
   the	
   remaining	
   signals	
   in	
   the	
   1H	
   NMR	
   spectrum	
   are	
   coincident	
  
with	
  those	
  of	
  a	
  DMSO-­‐d6	
  solution	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (Figure	
  7.2),	
   i.e.	
  the	
  cleavage	
  product	
  
described	
   in	
   the	
   literature6.	
   All	
   these	
   data	
   indicate	
   that	
   when	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   is	
  
dissolved	
  in	
  DMSO,	
  the	
  solvent	
  displaces	
  the	
  2,4’-­‐bpy	
  ligand	
  rather	
  than	
  the	
  chlorido	
  ligand.	
  
The	
  proposed	
  solution	
  species	
   is	
   therefore	
   [Ir(ppy)2(DMSO-­‐d6)Cl]	
   rather	
   than	
   [Ir(ppy)2(2,4’-­‐
bpy)(DMSO-­‐d6)]Cl.	
  Several	
  attempts	
  to	
  prepare	
  and	
  isolate	
  a	
  bulk	
  sample	
  or	
  grow	
  crystals	
  of	
  
[Ir(ppy)2(DMSO-­‐d6)Cl]	
   were	
   unsuccessful.	
   The	
   electrospray	
   ionization	
   mass	
   spectrum	
   of	
   a	
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DMSO/MeOH	
   solution	
  of	
   the	
  bulk	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   exhibits	
   peaks	
   at	
  m/z	
   657.0,	
   578.9	
  
and	
   500.9,	
   which	
   are	
   consistent	
   with	
   the	
   [Ir(ppy)2(2,4’-­‐bpy)]+,	
   [Ir(ppy)2(DMSO)]+	
   and	
  
[Ir(ppy)2]+	
  ions,	
  respectively.	
  
	
  
7.2.3. [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  
Several	
  attempts	
  towards	
  the	
  bulk	
  synthesis	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  were	
  unsuccessful.	
  
In	
  the	
  course	
  of	
  studying	
  the	
  species	
  obtained	
  from	
  the	
  dissolution	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  in	
  
DMSO	
  (i.e.	
  [Ir(ppy)2(DMSO)Cl]	
  +	
  2,4’-­‐bpy)	
  precipitation	
  of	
  a	
  hexafluoridophosphate	
  salt	
  was	
  
attempted.	
   After	
   stirring	
   a	
   sample	
   of	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   in	
  DMSO	
   for	
   1	
   hr,	
   an	
   excess	
   of	
  
aqueous	
  NH4PF6	
  was	
  added,	
  but	
  NMR	
  spectroscopic	
  data	
  for	
  the	
  crude	
  precipitated	
  material	
  
revealed	
  a	
  mixture	
  of	
  products	
  which	
  could	
  not	
  be	
  isolated.	
  X-­‐ray	
  quality	
  crystals	
  grew	
  in	
  the	
  
NMR	
  tube	
  from	
  the	
  solution	
  above	
  the	
  crude	
  precipitate.	
  The	
  highest	
  mass	
  peak	
  in	
  the	
  mass	
  
spectrum	
  of	
   the	
  crystals	
  dissolved	
   in	
  a	
   solution	
  of	
  CH2Cl2	
  and	
  MeOH	
  was	
  observed	
  at	
  m/z	
  
813.2,	
   showing	
   the	
   right	
   isotope	
  pattern	
  of	
   the	
   [Ir(ppy)2(2,4’-­‐bpy)2]+	
   ion.	
   This	
   composition	
  
was	
  confirmed	
  by	
  a	
  single	
  crystal	
  structure	
  analysis	
  (see	
  Figure	
  7.6).	
  
	
  
7.2.4. [{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)]	
  
Among	
   bridging	
   ligands,	
   4,4’-­‐bpy	
   is	
   ubiquitous11,	
   12,	
   13	
   and	
   it	
   is	
   used	
   extensively	
   for	
   the	
  
assembly	
   of	
   molecular	
   squares	
   and	
   other	
   polygons.	
   The	
   studies	
   with	
   the	
   2,4’-­‐bpy	
   ligand	
  
produced	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  and	
  [Ir(ppy)2(2,4’-­‐bpy)2][PF6].	
  In	
  moving	
  to	
  4,4’-­‐bpy,	
  the	
  focus	
  
was	
   how	
   the	
   reaction	
   pathway	
   would	
   change.	
   Targets	
   included	
   binuclear	
   [{Ir(ppy)2Cl}2(µ-­‐
4,4’-­‐bpy)]	
   or	
   cyclic	
   {Ir(ppy)2(4,4’-­‐bpy)}n	
   assemblies.	
   With	
   the	
   former	
   as	
   an	
   objective,	
   the	
  
reaction	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  with	
  one	
  equivalent	
  of	
  4,4’-­‐bpy	
  in	
  MeOH	
  was	
  carried	
  out	
  under	
  
microwave	
  conditions.	
  The	
  reaction	
  product	
  was	
  an	
  orange	
  solid,	
  which	
  was	
  poorly	
  soluble	
  
in	
  common	
  solvents	
  such	
  as	
  MeCN,	
  MeOH,	
  CH2Cl2	
  and	
  CHCl3.	
  For	
  the	
  electrospray	
  ionization	
  
mass	
  spectrum	
  a	
  very	
  dilute	
  MeOH/CH2Cl2	
   solution	
  was	
   introduced	
   into	
   the	
  spectrometer,	
  
exhibiting	
  peak	
  envelopes	
  at	
  m/z	
  1192.9,	
  657.2	
  and	
  501.1,	
  which	
  were	
  assigned	
  to	
  [M	
  –	
  Cl]+,	
  
[Ir(ppy)2(4,4’-­‐bpy)]+	
  and	
   [Ir(ppy)2]+,	
   respectively,	
  and	
   the	
  observed	
   isotope	
  patterns	
  agreed	
  
with	
  those	
  simulated	
  for	
  these	
  ions.	
  Elemental	
  analysis	
  of	
  the	
  bulk	
  sample	
  indicated	
  a	
  bulk	
  
formulation	
   of	
   [Ir2(ppy)4Cl2(µ-­‐4,4’-­‐bpy)].2H2O.	
   The	
   proposed	
   structure	
   of	
   the	
   complex	
   is	
  
shown	
  in	
  Scheme	
  7.3.	
  
The	
   poor	
   solubility	
   of	
   the	
   material	
   hampered	
   numerous	
   attempts	
   to	
   grow	
   X-­‐ray	
   quality	
  
crystals	
  of	
  [Ir2(ppy)4Cl2(µ-­‐4,4’-­‐bpy)].	
  	
  
The	
   bulk	
   sample	
   was	
   slightly	
   soluble	
   in	
   DMSO.	
   Figure	
   7.3	
   shows	
   the	
   1H	
   NMR	
   spectra	
   of	
  
[Ir2(ppy)4(µ-­‐Cl)2]	
   (c),	
   [Ir2(ppy)4Cl2(µ-­‐4,4’-­‐bpy)]	
   (b)	
   and	
   free	
   4,4’-­‐bpy	
   (a),	
   all	
   in	
   DMSO-­‐d6.	
  
Integration	
  of	
  the	
  peaks	
  of	
  [Ir2(ppy)4Cl2(µ-­‐4,4’-­‐bpy)]	
  is	
  consistent	
  with	
  the	
  assumption.	
  These	
  
data	
   confirm	
   that	
   4,4’-­‐bpy	
  was	
   present	
   in	
   the	
   initial	
   complex.	
   But	
   they	
   also	
   indicate,	
   that	
  
DMSO	
  displaces	
   the	
   4,4’-­‐bpy	
   ligand	
   in	
   a	
   similar	
  manner	
   to	
   the	
  behaviour	
   of	
   [Ir(ppy)2(2,4’-­‐
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bpy)Cl].	
  After	
  the	
  subtraction	
  of	
  the	
  two	
  peaks	
  arising	
  from	
  the	
  free	
  4,4’-­‐bpy,	
  the	
  remaining	
  
signals	
  are	
  identical	
  to	
  those	
  of	
  [Ir(ppy)2Cl(DMSO)]	
  (Figure	
  7.3	
  c).	
  
Similarly,	
  the	
  13C	
  NMR	
  spectrum	
  of	
  the	
  bulk	
  sample	
  in	
  DMSO-­‐d6	
  is	
  a	
  superimposition	
  of	
  the	
  
13C	
  spectrum	
  of	
   free	
  4,4’-­‐bpy	
  and	
  [Ir(ppy)Cl(DMSO)].3	
  The	
  observations	
  are	
  summarized	
   in	
  
Scheme	
   7.3.	
   The	
   electrospray	
   mass	
   spectrum	
   of	
   a	
   DMSO/MeOH	
   solution	
   of	
   the	
   bulk	
  
[Ir2(ppy)4Cl2(µ-­‐4,4’-­‐bpy)]	
   exhibits	
   peaks	
   at	
  m/z	
   657.2,	
   579.1	
   and	
  501.1,	
  which	
   is	
   consistent	
  
with	
  the	
  [Ir(ppy)2(4,4’-­‐bpy)]+,	
  [Ir(ppy)2(DMSO)]+	
  and	
  [Ir(ppy)2]+	
  ions,	
  respectively.	
  
	
  
Figure	
  7.3	
  1H	
  NMR	
  spectra	
  in	
  DMSO-­‐d6	
  a)	
  the	
  free	
  4,4'-­‐bpy	
  ligand,	
  b)	
  [{Ir2(ppy)2(Cl)}2(µ-­‐4,4’-­‐bpy)],	
  c)	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (298	
  
K,	
  500	
  MHz,	
  TMS).	
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Scheme	
   7.3	
   Proposed	
   pathway	
   of	
   the	
   reaction	
   of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
  with	
   one	
   equivalent	
   of	
   4,4'-­‐bpy	
   followed	
  by	
   ligand	
  
exchange	
  in	
  DMSO.	
  
	
  
7.2.5. [Ir(ppy)2(tbpy)Cl]	
  
In	
   an	
   attempt	
   to	
   synthesize	
   a	
   model	
   compound	
   for	
   the	
   results	
   described	
   above,	
  
[Ir(ppy)2(tbpy)Cl]	
  was	
   selected.	
  Unfortunately	
   the	
   compound	
  appears	
   unstable	
   in	
   solution.	
  
Several	
  trials	
  to	
  isolate	
  the	
  desired	
  product	
  failed.	
  Dissolution	
  of	
  the	
  crude	
  product	
  in	
  CH2Cl2	
  
followed	
  by	
  layering	
  with	
  Et2O	
  yielded	
  single	
  crystals	
  of	
  good	
  X-­‐ray	
  quality.	
  	
  
	
  
Scheme	
  7.4	
  Synthesis	
  of	
  [Ir(ppy)2(tbpy)Cl].	
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Upon	
  redissolution	
  of	
  these	
  crystals	
  in	
  a	
  solution	
  of	
  CD2Cl2	
  the	
  complex	
  appears	
  to	
  fall	
  apart,	
  
showing	
  a	
  mixture	
  of	
  products	
  in	
  the	
  NMR	
  spectrum.	
  The	
  highest	
  mass	
  peak	
  in	
  the	
  ESI	
  mass	
  
spectrum	
   of	
   the	
   crystals	
   in	
  MeOH	
  was	
   observed	
   at	
  m/z	
   636.2,	
   showing	
   the	
   right	
   isotope	
  
pattern	
   for	
   the	
   [Ir(ppy)2(tbpy)]+	
   ion.	
   This	
   composition	
   was	
   confirmed	
   by	
   a	
   single	
   crystal	
  
structure	
  analysis	
  (see	
  Figure	
  7.10).	
  
	
  
7.3. Solid	
  state	
  structures	
  
7.3.1. [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  	
  
Single	
  crystals	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  were	
  grown	
  directly	
  from	
  the	
  crude	
  reaction	
  mixture	
  
in	
   the	
   microwave	
   vial	
   while	
   standing	
   at	
   room	
   temperature	
   over	
   night.	
   The	
   complex	
  
crystallizes	
   from	
   a	
   racemic	
   mixture	
   spontaneously	
   as	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   in	
   the	
   chiral,	
  
monoclinic	
   space	
   group	
   P21.	
   The	
   selected	
   crystal	
   for	
   X-­‐ray	
   structure	
   determination	
   only	
  
contains	
  the	
  Δ-­‐enantiomer.	
  In	
  the	
  unit	
  cell	
  there	
  are	
  two	
  Δ-­‐enantiomers	
  without	
  any	
  solvent	
  
molecules.	
   The	
   iridium(III)	
   ion	
   in	
   the	
   complex	
   is	
   6-­‐coordinate	
   with	
   two	
   cyclometallating	
  
[ppy]-­‐	
  ligands	
  having	
  the	
  N-­‐donor	
  atoms	
  in	
  a	
  trans	
  configuration,	
  which	
  is	
  in	
  agreement	
  with	
  
previously	
  reported	
  complexes	
  containing	
  similar	
  {Ir(ppy)2}-­‐units.14	
  
	
  
Figure	
  7.4	
  Structure	
  of	
  Δ-­‐[Ir(ppy)2(2,4’-­‐bpy)Cl]	
  (ellipsoids	
  at	
  50%	
  probability	
  level;	
  H	
  atoms	
  omitted	
  for	
  clarity).	
  Selected	
  
bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1–C12	
  =	
  1.986(6),	
  Ir1–C1	
  =	
  1.992(8),	
  Ir1–N2	
  =	
  2.043(6),	
  Ir1–N1	
  =	
  2.047(6),	
  Ir1–N3	
  =	
  
2.215(6),	
  Ir1–Cl1	
  =	
  2.4622(18);	
  C1–Ir1–N1	
  =	
  80.4(3),	
  C12–Ir1–N2	
  =	
  80.7(3),	
  N3–Ir1–Cl1	
  =	
  89.63(18),	
  N2–Ir1–N1	
  =	
  173.3(3),	
  
C1–Ir1–N3	
  =	
  175.9(3),	
  C12–Ir1–Cl1	
  =	
  175.4(2).	
  
To	
  minimize	
  steric	
  Cl...H	
  interactions	
  between	
  atoms	
  Cl1	
  and	
  H27A	
  (C...H	
  distance	
  =	
  2.62	
  Å),	
  
the	
   coordinated	
  4’-­‐pyridine	
   ring	
   is	
   twisted	
  23.2(4)°	
   out	
  of	
   the	
  meridional-­‐plane	
   containing	
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atoms	
  Ir1,	
  C12,	
  Cl1	
  and	
  N3.	
  The	
  deviation	
  of	
  each	
  atom	
  from	
  the	
  plane	
  is	
  smaller	
  than	
  0.06	
  
Å.	
   This	
   intramolecular	
   contact	
   is	
   shorter	
   than	
   the	
   intermolecular	
   hydrogen	
   bonds	
   of	
   the	
  
chlorido	
  ligand	
  and	
  is	
  therefore	
  significant	
  (see	
  Table	
  7.1).	
  	
  
Table	
  7.1	
  Hydrogen	
  bonds	
  involving	
  the	
  chlorido	
  ligand	
  in	
  [Ir(ppy)2(2,4'-­‐bpy)Cl].	
  
Contact	
   CH...Cl	
  (Å)	
   C...Cl	
  (Å)	
   C-­‐H...Cl	
  (°)	
   Symmetry	
  code*	
  
C22H22a...Cl	
   2.65	
   3.311(9)	
   127	
   	
  
C27H27a...Cl	
   2.62	
   3.24(1)	
   123	
   	
  
C10H10a...Cl1*	
   2.68	
   3.632(7)	
   176	
   2	
  –	
  x,	
  –½	
  +	
  y,	
  1	
  –	
  z	
  
C16H16a...Cl*	
   2.86	
   3.476(9)	
   124	
   –1	
  +	
  x,	
  y,	
  z	
  
C32H32a...Cl*	
   2.74	
   3.588(8)	
   149	
   2	
  –	
  x,	
  –½	
  +	
  y,	
  2	
  –	
  z	
  
	
  
The	
  other	
  packing	
  interactions	
  are	
  face-­‐to-­‐face	
  π-­‐stacking	
  between	
  the	
  pyridine	
  ring	
  of	
  one	
  
of	
  the	
  cyclometallating	
  ligands	
  containing	
  atom	
  N2	
  with	
  the	
  pendant	
  pyridine	
  ring	
  containing	
  
N4i	
  (symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  ½	
  +	
  y,	
  2	
  –	
  z)	
  which	
  lie	
  over	
  each	
  other.	
  The	
  distance	
  between	
  
the	
  centroids	
  is	
  3.57	
  Å	
  with	
  an	
  interplane	
  angle	
  of	
  9.1°	
  which	
  reduces	
  the	
  efficiency	
  of	
  this	
  
interaction	
  (see	
  Figure	
  7.5).	
  	
  
	
  
Figure	
   7.5	
   Packing	
   interactions	
   within	
   [Ir(ppy)2(2,4’-­‐bpy)Cl],	
   face-­‐to-­‐face	
   π-­‐stacking	
   interactions	
   in	
   space	
   filling	
  
representation.	
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7.3.2. [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  
Single	
  crystals	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  were	
  grown	
  by	
  evaporation	
  in	
  the	
  NMR	
  tube	
  from	
  
the	
   solution	
   of	
   the	
   crude	
   precipitate.	
   They	
   are	
   racemic	
   and	
   crystallize	
   in	
   the	
   monoclinic	
  
centrosymmetric	
   space	
   group	
   C2/c	
   with	
   two	
   independent	
   half-­‐cations	
   in	
   the	
   asymmetric	
  
unit.	
  The	
  second	
  half	
  of	
  each	
  cation	
  is	
  generated	
  by	
  a	
  two-­‐fold	
  rotation	
  axis.	
  	
  
	
  
Figure	
  7.6	
  Structure	
  of	
  one	
  of	
  the	
  independent	
  Δ-­‐[Ir(ppy)2(2,4’-­‐bpy)2]+	
  cations	
  (cation	
  A)	
  in	
  [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  
(ellipsoids	
  at	
  50%	
  probability	
  level;	
  H	
  atoms	
  omitted	
  for	
  clarity).	
  Symmetry	
  code	
  i	
  =	
  1	
  –	
  x,	
  y,	
  ½	
  –	
  z.	
  Selected	
  bond	
  lengths	
  
(in	
  Å)	
  and	
  angles	
  (in	
  °)	
  in	
  cation	
  A:	
  Ir1A–C1A	
  =	
  2.010(4),	
  Ir1A–N1A	
  =	
  2.040(4),	
  Ir1A–N2A	
  =	
  2.182(4);	
  C1A–Ir1A–N1A	
  =	
  
80.41(16),	
  N1A–Ir1A–N2A	
  =	
  84.80(14),	
  N2A–Ir1A–N2Ai	
  =	
  97.0(2),	
  N1A–Ir1A–N1Ai	
  =	
  179.7(2).	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  
and	
  angles	
  (in	
  °)	
  in	
  cation	
  B:	
  Ir1B–C1B–2.005(4),	
  Ir1B–	
  N1B	
  =	
  2.030(4),	
  Ir1B–N2B	
  =	
  2.176(3);	
  C1B–Ir1B–N1B	
  =	
  80.35(16),	
  
N1B–Ir1B–N2B	
  =	
  87.40(13),	
  N2B–Ir1B–N2Bi	
  =	
  93.55(18),	
  N1B–Ir1B–N1B	
  =	
  174.3(2).	
  
	
  
Cation	
  A	
  possesses	
  Δ-­‐handedness	
  and	
  is	
  depicted	
  in	
  Figure	
  7.6;	
  bond	
  parameters	
  are	
  given	
  in	
  
the	
  caption	
   for	
  both	
  cations.	
  Cation	
  B	
  possesses	
  Λ-­‐handedness.	
  The	
  second	
  enantiomer	
  of	
  
each	
  pair	
  is	
  present	
  in	
  the	
  unit	
  cell.	
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Figure	
   7.7	
   Overlay	
   of	
   the	
   two	
   independent	
   cations	
   A	
   and	
   B,	
   after	
   inversion	
   of	
   one	
   of	
   the	
   cations	
   of	
   [Ir(ppy)2(2,4’-­‐
bpy)2][PF6].	
  
An	
  overlay	
  of	
  the	
  two	
  cations	
  after	
  inversion	
  of	
  one	
  is	
  depicted	
  in	
  Figure	
  7.7	
  and	
  shows	
  that	
  
the	
   orientation	
   of	
   the	
   pendant	
   pyridine	
   rings	
   containing	
   atoms	
  N3A	
   and	
  N3B	
   is	
   the	
  main	
  
difference.	
  Both	
  atoms	
  Ir1A	
  and	
  Ir1B	
  are	
  in	
  octahedral	
  coordination	
  environments,	
  and	
  the	
  
trans	
   arrangement	
  of	
   the	
  N-­‐donors	
  of	
   the	
   cyclometallating	
   [ppy]-­‐	
   ligands	
   are	
   as	
   expected.	
  
The	
  monodentate	
  2,4’-­‐bpy	
  ligands	
  are	
  coordinated	
  through	
  the	
  4-­‐pyridyl	
  ring.	
  The	
  2,4’-­‐bpy	
  
ligands	
  are	
  not	
  planar	
  and	
  the	
  planes	
  of	
  the	
  two	
  pyridine	
  rings	
  in	
  cation	
  A	
  subtend	
  an	
  angle	
  
of	
   9.8(3)°,	
  while	
   the	
   corresponding	
   angle	
   in	
   cation	
  B	
   is	
   14.8(3)°.	
   This	
   small	
   deviation	
   from	
  
planarity	
   allows	
   each	
   of	
   atoms	
   N3A	
   and	
   N3B	
   in	
   the	
   pendant	
   pyridine	
   ring	
   to	
   form	
  
intramolecular	
   hydrogen	
   bonds	
   with	
   the	
   ortho-­‐CH	
   unit	
   of	
   the	
   adjacent	
   ring	
   (C15AH15A.	
   .	
  .N3A	
  =	
  2.49	
  Å,	
  C13BH13B.	
   .	
   .N3B	
  =	
  2.50	
  Å).	
  Pairs	
  of	
   independent	
  Δ-­‐	
  and	
  Λ-­‐cations	
  embrace	
  
one	
   another	
  with	
   close	
   CH...Cπ	
   contacts	
   (H21B...C9Aii	
   =	
   2.77	
   Å,	
   H13B...C5Aii	
   =	
   2.87	
   Å;	
   see	
  
Figure	
  7.8	
  a).15,	
  16	
  Between	
  pairs	
  of	
  2,4’-­‐bpy	
  ligand	
  in	
  adjacent	
  Δ-­‐	
  and	
  Λ-­‐cations	
  face-­‐to-­‐face	
  
π-­‐interactions	
   are	
   an	
   important	
   contribution	
   to	
   the	
   crystal	
   packing	
   (see	
   Figure	
  7.8	
  b).	
   The	
  
distance	
   between	
   the	
   centroid	
   of	
   the	
   pyridine	
   ring	
   containing	
   atom	
   C20A	
   and	
   the	
   least	
  
squares	
  planes	
  through	
  the	
  ligand	
  containing	
  atoms	
  N2Biii	
  and	
  C20Biii	
  is	
  3.30	
  Å,	
  with	
  an	
  angle	
  
of	
  6.7°	
  between	
  the	
  planes.	
  This	
  is	
  also	
  an	
  important	
  interaction,	
  although	
  the	
  alignment	
  of	
  
the	
  π-­‐systems	
   is	
  not	
   ideal	
   for	
  an	
  efficient	
  stacking	
  contact.	
   Janiak	
  has	
  pointed	
  out	
  that	
  the	
  
extent	
  of	
  ring	
  slippage	
  is	
  often	
  large	
  in	
  interactions	
  between	
  bpy-­‐based	
  ligand.17	
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Figure	
   7.8	
   Packing	
   of	
   Δ-­‐	
   and	
   Λ-­‐cations	
   in	
   [Ir(ppy)2(2,4’-­‐bpy)2][PF6].	
   a)	
   CH...Cπ	
   contacts	
   between	
   a	
   pair	
   of	
   independent	
  
cations	
  A	
  (Δ-­‐chirality)	
  and	
  B	
  (Λ-­‐chirality)	
  (symmetry	
  code	
  ii	
  =	
  1	
  –	
  x,	
  y,	
  ½	
  –	
  z);	
  atom	
  H13B	
  makes	
  a	
  contact	
  to	
  C5Aii.	
  b)	
  Face-­‐
to-­‐face	
  interaction	
  of	
  2,4’-­‐bpy	
  units	
  in	
  adjacent	
  cations;	
  symmetry	
  code	
  iii	
  =	
  ½	
  –	
  x,	
  -­‐½	
  +	
  y,	
  ½	
  –	
  z.	
  	
  
The	
  role	
  of	
  the	
  face-­‐to-­‐face	
  interactions	
  in	
  the	
  packing	
  of	
  the	
  Δ-­‐	
  and	
  Λ-­‐cations	
  is	
  depicted	
  in	
  
Figure	
  7.9	
  a	
  (shown	
  in	
  space-­‐filling	
  representation).	
  The	
  overall	
  assembly	
  in	
  the	
  crystal	
  lattice	
  
can	
  be	
  described	
  in	
  terms	
  of	
  sheets	
  of	
  Δ-­‐A	
  and	
  Λ-­‐B	
  cations	
  interleaved	
  by	
  sheets	
  of	
  Λ-­‐A	
  and	
  
Δ-­‐B	
   cations	
   (Figure	
   7.9	
   b).	
   The	
   [PF6]-­‐	
   anion	
   is	
   ordered,	
   and	
   the	
   cation...anion	
   packing	
  
interactions	
  are	
  dominated	
  by	
  extensive	
  CH...F	
  contacts.	
  
	
  
Figure	
  7.9	
  Packing	
  of	
  Δ-­‐	
  and	
  Λ-­‐cations	
  in	
  [Ir(ppy)2(2,4’-­‐bpy)2][PF6].	
  a)	
  View	
  down	
  the	
  c-­‐axis	
  showing	
  π-­‐stacking	
  of	
  pairs	
  of	
  
2,4’-­‐bpy	
  ligands	
  (see	
  text).	
  b)	
  Packing	
  into	
  sheets	
  of	
  Δ-­‐A	
  and	
  Λ-­‐B	
  cations	
  interleaved	
  by	
  sheets	
  of	
  Λ-­‐A	
  and	
  Δ-­‐B	
  cations.	
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7.3.3. [Ir(ppy)2(tbpy)Cl]	
  
Attempts	
   at	
   the	
   bulk	
   synthesis	
   of	
   [Ir(ppy)2(tbpy)Cl]	
   failed	
   due	
   to	
   the	
   instability	
   of	
   the	
  
compound	
   in	
   solution.	
   Dissolving	
   the	
   crude	
  material	
   in	
   CH2Cl2	
   and	
   carefully	
   layering	
   with	
  
Et2O	
   yielded	
   after	
   several	
   days	
   crystals	
  with	
   good	
  X-­‐ray	
   quality	
   of	
   the	
   desired	
   compound.	
  
Racemic	
   [Ir(ppy)2(tbpy)Cl].H2O	
  crystallizes	
   in	
   the	
  triclinic	
  centrosymmetric	
  space	
  group	
  P-­‐1.	
  
Both	
   enantiomers	
   are	
   present	
   in	
   the	
   unit	
   cell	
   together	
   with	
   two	
   water	
   molecules.	
   The	
  
iridium(III)	
  atom	
  in	
  the	
  centre	
  is	
  6-­‐coordinate	
  with	
  two	
  cyclometallating	
  [ppy]-­‐	
  ligands	
  having	
  
the	
  N-­‐donor	
  atoms	
  in	
  trans	
  configuration.	
  	
  
	
  
Figure	
  7.10	
  Structure	
  of	
  [Ir(ppy)2(tbpy)Cl]	
   in	
  the	
  monohydrate	
  (ellipsoids	
  at	
  50%	
  probability	
   level;	
  H	
  atoms	
  omitted	
  for	
  
clarity).	
  Selected	
  bond	
  lengths	
  (in	
  Å)	
  and	
  angles	
  (in	
  °):	
  Ir1–C10	
  =	
  1.994(4),	
  Ir1–C21	
  =	
  2.006(4),	
  Ir1–N2	
  =	
  2.047(3),	
  Ir1–N3	
  =	
  
2.052(3),	
  Ir1–N1	
  =	
  2.211(3),	
  Ir1–Cl1	
  =	
  2.4851(10);	
  C21–Ir1–N3	
  =	
  80.4(1),	
  C10–Ir1–N2	
  =	
  80.4(1),	
  N1–Ir1–Cl1	
  =	
  90.67(8),	
  N2–
Ir1–N3	
  =	
  176.6(1),	
  C21–Ir1–N1	
  =	
  177.4(1),	
  C10–Ir1–Cl1	
  =	
  175.5(1).	
  
To	
  minimize	
   steric	
  Cl...H	
   interactions	
  between	
  atoms	
  Cl1	
  and	
  H5A	
   (distance	
  =	
  2.57	
  Å),	
   the	
  
monodentate	
  pyridine	
  ring	
  is	
  twisted	
  14.0(3)°	
  out	
  of	
  the	
  meridional-­‐plane	
  containing	
  atoms	
  
Ir1,	
   C10,	
   Cl1	
   and	
   N1	
   with	
   a	
   deviation	
   of	
   each	
   atom	
   from	
   the	
   plane	
   <	
   0.06	
   Å.	
   This	
  
intramolecular	
   contact	
   is	
   shorter	
   than	
   the	
   intermolecular	
   hydrogen	
   bonds	
   of	
   the	
   chlorido	
  
ligand	
  and	
  is	
  therefore	
  significant	
  (see	
  Table	
  7.2,	
  compare	
  with	
  Table	
  7.1).	
  	
  
Table	
  7.2	
  Hydrogen	
  bonds	
  involving	
  the	
  chlorido	
  ligand	
  in	
  [Ir(ppy)2(tbpy)Cl].	
  
Contact	
   CH...Cl	
  (Å)	
   C...Cl	
  (Å)	
   C-­‐H...Cl	
  (°)	
   Symmetry	
  code*	
  
C20H20a...Cl	
   2.68	
   3.35(5)	
   128	
   	
  
C5H5a...Cl	
   2.57	
   3.27(5)	
   130	
   	
  
C29H29a...Cl*	
   2.84	
   3.60(5)	
   138	
   –x,	
  1	
  –	
  y,	
  1	
  –	
  z	
  
C7H7a...Cl2*	
   2.81	
   3.78(1)	
   168	
   	
  x,	
  –1	
  +	
  y,	
  z	
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The	
  dominant	
  packing	
  interactions	
  are	
  face-­‐to-­‐face	
  π-­‐stacking	
  between	
  the	
  pyridine	
  ring	
  of	
  
one	
   of	
   the	
   cyclometallating	
   ligands	
   containing	
   atom	
   N3	
   with	
   the	
   same	
   pyridine	
   ring	
   of	
  
another	
  complex	
  (atom	
  N3i,	
  symmetry	
  code	
  i	
  =	
  -­‐x,	
  -­‐y,	
  1	
  –	
  z).	
  The	
  planes	
  are	
  parallel	
  and	
  the	
  
distance	
  between	
  the	
  planes	
  is	
  3.51	
  Å	
  making	
  these	
  interactions	
  very	
  efficient.	
  The	
  stacking	
  
pyridine	
  rings	
  are	
  in	
  sheets,	
  separated	
  by	
  the	
  tBu	
  groups	
  (see	
  Figure	
  7.11).	
  
	
  
Figure	
   7.11	
   Packing	
   interactions	
   within	
   [Ir(ppy)2(tbpy)Cl],	
   face-­‐to-­‐face	
   π-­‐stacking	
   interactions	
   in	
   space	
   filling	
  
representation.	
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Table	
  7.3	
  Crystallographic	
  data	
  of	
  the	
  complexes.	
  
Compound	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   [Ir(ppy)2(2,4‘-­‐bpy)2][PF6]	
   [Ir(ppy)2(tbpy)Cl].H2O	
  
Formula	
   C32H24ClIrN4	
   C42H32F6IrN6P	
   C31H29ClIrN3.H2O	
  
Formula	
  weight	
  /	
  g	
  mol-­‐1	
   692.22	
   957.93	
   689.26	
  
Crystal	
  colour	
  and	
  habit	
   yellow	
  needle	
   yellow	
  block	
   yellow	
  needle	
  
Crystal	
  system	
   monoclinic	
   monoclinic	
   triclinic	
  
Space	
  group	
   P21	
  	
  
Flack	
  parameter	
  =	
  0	
  
C2/c	
   P-­‐1	
  
a,	
  b,	
  c	
  /	
  Å	
   9.4396(19)	
  
13.441(3)	
  
10.057(2)	
  
15.6496(15)	
  
21.8929(14)	
  
21.161(2)	
  
8.0367(14)	
  
11.543(2)	
  
16.501(3)	
  
α,	
  β,	
  γ/	
  o	
   90	
  
93.24(3)	
  
90	
  
90	
  
97.158(8)	
  
90	
  
76.154(14)	
  
86.264(14)	
  
73.679(14)	
  
U	
  /	
  Å3	
   1273.9(4)	
   7193.7(11)	
   1426.5(4)	
  
Dc	
  /	
  mg	
  m–3	
   1.805	
   1.769	
   1.600	
  
Z	
   2	
   8	
   2	
  
µ(Mo-­‐Kα)	
  /	
  mm–1	
   5.375	
   3.830	
   4.801	
  
T/	
  K	
   173	
   173	
   173	
  
Refln.	
  collected	
  (Rint)	
   40977	
  (0.1412)	
   54929	
  (0.0733)	
   42498	
  (0.0973)	
  
Unique	
  refln.	
   5018	
   8062	
   7042	
  
Refln.	
  for	
  refinement	
   4905	
   7031	
   6647	
  
Parameters	
   343	
   506	
   346	
  
Threshold	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
   I	
  >	
  2.0σ	
  
R1	
  (R1	
  all	
  data)	
   0.0361	
  (0.0370)	
   0.0368	
  (0.0456)	
   0.0323	
  (0.0347)	
  
wR2	
  (wR2	
  all	
  data)	
   0.0924	
  (0.0931)	
   0.0788	
  (0.0819)	
   0.0736	
  (0.0748)	
  
Goodness	
  of	
  fit	
   1.070	
   1.175	
   1.117	
  	
  	
  
7.4. Photophysical	
  studies	
  
As	
  only	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   could	
  be	
   synthesized	
  and	
  purified	
   in	
   large	
  enough	
  quantities,	
  
photophysical	
   studies	
   of	
   only	
   this	
   compound	
   were	
   performed	
   in	
   solutions	
   of	
   CH2Cl2	
   (see	
  
Figure	
   7.12).	
   The	
   absorption	
   spectrum	
   shows	
   the	
   maximum	
   at	
   265	
   nm,	
   originating	
   from	
  
ligand	
   transitions	
   with	
   an	
   additional	
   weak	
   MLCT	
   band	
   around	
   400	
   nm.	
   The	
  
photoluminescence	
  emission	
   spectrum	
   shows,	
   under	
   excitation	
   at	
   368	
  nm,	
   a	
  maximum	
  at	
  
502	
  nm,	
  an	
  additional	
  peak	
  at	
  462	
  nm,	
  a	
  shoulder	
  at	
  534	
  nm	
  with	
  a	
  long	
  tail	
  towards	
  the	
  red	
  
region.	
   The	
   quantum	
   yield	
   measurement	
   was	
   performed	
   on	
   a	
   CH2Cl2	
   solution	
   of	
  
[Ir(ppy)2(2,4’-­‐bpy)Cl],	
   which	
   had	
   been	
   bubbled	
   with	
   argon	
   for	
   15	
   minutes	
   prior	
   to	
   the	
  
measurement.	
  The	
  quantum	
  yield	
  of	
  this	
  complex	
  is	
  24.1%	
  (λex	
  =	
  270	
  nm).	
  It	
  is	
  necessary	
  to	
  
use	
  a	
  tightly	
  closed	
  measurement	
  cell,	
  as	
  this	
  value	
  and	
  the	
  excited	
  state	
  lifetime	
  decrease	
  
strongly	
  with	
  time	
  after	
  bubbling	
  with	
  argon.	
  
Studies	
  for	
  thin	
  films	
  and	
  LEC	
  or	
  OLED	
  devices	
  in	
  Valencia	
  failed	
  due	
  to	
  solubility	
  issues.	
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Figure	
  7.12	
  Absorption	
  and	
  emission	
  spectrum	
  of	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  in	
  CH2Cl2	
  solutions	
  (1.00	
  x	
  10
-­‐5	
  M)	
  
	
  
7.5. Conclusion	
  and	
  outlook	
  
In	
  this	
  chapter,	
   the	
  focus	
  has	
  not	
  been	
  on	
  the	
  photophysical	
  properties	
  of	
   the	
  synthesized	
  
iridium(III)	
   compounds	
   but	
   on	
   their	
   stereochemical	
   complexity.	
   Commonly	
   little	
   is	
  
mentioned	
  except	
  for	
  the	
  trans	
  arrangement	
  of	
  the	
  nitrogen	
  atoms	
  in	
  the	
  [ppy]-­‐	
  ligands.	
  But	
  
here	
  the	
  stereochemical	
  consequences	
  of	
  the	
  stereogenic	
  {Ir(ppy)2}-­‐core	
  in	
  [Ir(ppy)2XY]	
  and	
  
[Ir(ppy)2X2]+	
   (X	
   =	
   pyridine	
   and	
   its	
   derivatives,	
   Y	
   =	
   halogen	
   atom)	
   species	
   has	
   been	
  
investigated.	
   [Ir(ppy)2(2,4’-­‐bpy)Cl],	
   [Ir(ppy)2(2,4’-­‐bpy)2][PF6],	
   [{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)]	
   and	
  
[Ir(ppy)2(tbpy)Cl]	
  have	
  been	
  prepared	
  and	
   characterized.	
   In	
   solution,	
   the	
   coordinated	
  2,4’-­‐
bpy	
  ligand	
  in	
  [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  undergoes	
  hindered	
  rotation	
  about	
  the	
  Ir-­‐N	
  bond	
  at	
  298	
  K	
  
on	
   the	
   NMR	
   timescale,	
   but	
   there	
   is	
   free	
   rotation	
   about	
   the	
   C-­‐C	
   bond	
   between	
   the	
   two	
  
pyridine	
   rings.	
  On	
   crystallization,	
   racemic	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   spontaneously	
   resolves	
   and	
  
the	
   single	
   crystal	
   structure	
   of	
   the	
   Δ-­‐enantiomer	
   has	
   been	
   determined.	
   Dimethyl	
   sulfoxide	
  
displaces	
   2,4’-­‐bpy	
   from	
   [Ir(ppy)2(2,4’-­‐bpy)Cl],	
   and	
   4,4’-­‐bpy	
   from	
   [{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)],	
  
and	
  1H	
  NMR	
  spectroscopic	
  data	
  for	
  these	
  complexes	
  have	
  been	
  discussed.	
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7.6. Experimental	
  
7.6.1. [Ir(ppy)2(2,4’-­‐bpy)Cl]	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (122	
  mg,	
  0.114	
  mmol)	
  and	
  2,4’-­‐bipyridine	
  (36.2	
  mg,	
  
0.232	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  4	
  h	
  at	
  120	
  °C	
  (P	
  =	
  
14	
   bar).	
   After	
   cooling	
   to	
   room	
   temperature,	
   the	
   yellow	
   solution	
  was	
   left	
   standing	
   for	
   7	
   h	
  
during	
   which	
   time	
   yellow	
   crystals	
   of	
   [Ir(ppy)2(2,4’-­‐bpy)Cl]	
   formed	
   (113	
   mg,	
   0.163	
   mmol,	
  
71.5%).	
  1H	
  NMR	
  (500	
  MHz,	
  CD2Cl2,	
  298	
  K,	
  TMS)	
  δ	
  9.89	
  (ddd,	
  J	
  =	
  5.8,	
  1.5,	
  0.7	
  Hz,	
  1H,	
  HB6),	
  9.05	
  
(v.	
  br.,	
  2H,	
  HE2),	
  8.69	
  (ddd,	
   J	
  =	
  4.8,	
  1.6,	
  1.1	
  Hz,	
  1H,	
  HF6),	
  8.18	
  (ddd,	
   J	
  =	
  5.8,	
  1.5,	
  0.7	
  Hz,	
  1H,	
  
HD6),	
  7.95	
  (d,	
  J	
  =	
  7.9	
  Hz,	
  1H,	
  HD3),	
  7.85	
  (br,	
  2H,	
  HE3),	
  7.82–7.76	
  (m,	
  4H,	
  HF3+B3+F4+D4),	
  7.73	
  (ddd,	
  
J	
  =	
  8.1,	
  7.4,	
  1.6	
  Hz,	
  1H,	
  HB4),	
  7.62	
  (dd,	
  J	
  =	
  7.7,	
  1.2	
  Hz,	
  1H,	
  HC3),	
  7.56	
  (dd,	
  J	
  =	
  7.7,	
  1.3	
  Hz,	
  1H,	
  
HA3),	
  7.35	
   (ddd,	
   J	
  =	
  6.6,	
  4.8,	
  1.8	
  Hz,	
  1H,	
  HF5),	
  7.25	
   (ddd,	
   J	
  =	
  7.3,	
  5.8,	
  1.5	
  Hz,	
  1H,	
  HB5),	
  7.09	
  
(ddd,	
  J	
  =	
  7.3,	
  5.8,	
  1.4	
  Hz,	
  1H,	
  HD5),	
  6.91	
  (ddd,	
  J	
  =	
  7.8,	
  7.3,	
  1.2	
  Hz,	
  1H,	
  HA4),	
  6.86	
  (ddd,	
  J	
  =	
  7.8,	
  
7.3,	
  1.2	
  Hz,	
  1H,	
  HC4),	
  6.82	
  (td,	
  J	
  =	
  7.4,	
  1.4	
  Hz,	
  1H,	
  HA5),	
  6.74	
  (td,	
  J	
  =	
  7.4,	
  1.4	
  Hz,	
  1H,	
  HC5),	
  6.37	
  
(dd,	
  J	
  =	
  7.6,	
  0.8	
  Hz,	
  1H,	
  HA6),	
  6.19	
  (dd,	
  J	
  =	
  7.6,	
  0.8	
  Hz,	
  1H,	
  HC6).	
  13C	
  NMR	
  (126	
  MHz,	
  CD2Cl2,	
  298	
  
K)	
  δ	
  168.8	
  (CD2),	
  168.3	
  (CB2),	
  153.6	
  (CF2),	
  152.6	
  (br,	
  CE2),	
  151.4	
  (CB6),	
  151.2	
  (CA1),	
  150.8	
  (CF6),	
  
149.7	
   (CD6),	
   149.4	
   (CC1),	
   147.5	
   (CE4),	
   144.8	
   (CA2/C2),	
   144.7	
   (CA2/C2),	
   137.8	
   (CB4/D4/F4),	
   137.6	
  
(CB4/D4/F4),	
  137.3	
  (CB4/D4/F4),	
  132.6	
  (CC6),	
  131.9	
  (CA6),	
  130.7	
  (CA5),	
  129.6	
  (CC5),	
  124.9	
  (CF5),	
  124.8	
  
(CA3),	
  124.3	
  (CC3),	
  123.0	
  (CB5/D5),	
  122.95	
  (CE3),	
  122.6	
  (CB5/D5),	
  121.8	
  (CF3),	
  121.6	
  (CA4/C4),	
  121.55	
  
(CA4/C4),	
   119.7	
   (CD3),	
   118.9	
   (CB3).	
   IR	
   (solid,	
   ν,	
   cm-­‐1)	
   3427	
   (w),	
   3364	
   (w),	
   3254	
   (w),	
   3036	
   (w),	
  
2991	
  (w),	
  1672	
  (w),	
  1653	
  (w),	
  1605	
  (m),	
  1582	
  (m),	
  1558	
  (s),	
  1477	
  (m),	
  1431	
  (m),	
  1412	
  (m),	
  
1369	
  (w),	
  1315	
  (w),	
  1267	
  (w),	
  1217	
  (m),	
  1153	
  (m),	
  1061	
  (w),	
  1028	
  (m),	
  1014	
  (w),	
  851	
  (w),	
  783	
  
(m),	
  754	
   (s),	
  731	
   (s).	
  ESI-­‐MS:	
  m/z	
  657.2	
   [M-­‐Cl]+	
   (calc.	
  657.2),	
  501.1	
   [Ir(ppy)2]+	
   (calc.	
  501.1).	
  
UV–Vis	
   (CH2Cl2,	
   1.00	
  *	
  10-­‐5	
  mol	
  dm-­‐3)	
   λ	
   /nm	
   (ε/dm3	
  mol-­‐1	
   cm-­‐1)	
   265	
   (44‘600),	
   398	
   (3‘800).	
  
Emission	
   (CH2Cl2,	
   1.00	
   *	
   10-­‐4	
   mol	
   dm-­‐3,	
   λex	
   =	
   368	
   nm):	
   λem	
   =	
   462,	
   502,	
   534	
   nm.	
  
C32H24ClIrN4.H2O	
  requires	
  C,	
  54.11;	
  H,	
  3.69;	
  N,	
  7.89.	
  Found:	
  C,	
  53.69;	
  H,	
  3.63;	
  N,	
  7.81.	
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7.6.2. [Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
  	
  
	
  
[Ir(ppy)2(2,4’-­‐bpy)Cl]	
   (58.4	
   mg,	
   0.0844	
   mmol)	
   was	
   dissolved	
   in	
   DMSO	
   (10	
   mL)	
   and	
   the	
  
solution	
  was	
  stirred	
  for	
  1	
  h	
  at	
  room	
  temperature.	
  Aqueous	
  NH4PF6	
  (excess)	
  was	
  added	
  and	
  
the	
  mixture	
   was	
   stirred	
   for	
   1	
   h.	
   Extraction	
   with	
   CH2Cl2	
   and	
   H2O	
   resulted	
   in	
   a	
  mixture	
   of	
  
products	
   as	
   seen	
   by	
   NMR	
   spectroscopy,	
   but	
   yellow	
   X-­‐ray	
   quality	
   crystals	
   of	
   [Ir(ppy)2(2,4’-­‐
bpy)2][PF6]	
   grew	
   in	
   an	
  NMR-­‐tube	
  of	
   the	
   crude	
  material.	
   Attempts	
   at	
   bulk	
   synthesis	
   failed.	
  
ESI-­‐MS	
  (CH2Cl2/MeOH)	
  m/z	
  813.2	
  [M-­‐PF6]+	
   (calc.	
  813.2),	
  657.2	
  [Ir(ppy)2(bpy)]+	
   (calc.	
  657.2),	
  
501.1	
  [Ir(ppy)2]+	
  (calc.	
  501.1).	
  	
  
	
  
7.6.3. [{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)]	
  	
  
	
  
A	
  yellow	
  suspension	
  of	
  [Ir2(ppy)4(µ-­‐Cl)2]	
  (50.2	
  mg,	
  0.0468	
  mmol)	
  and	
  4,4’-­‐bipyridine	
  (7.4	
  mg,	
  
0.047	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  2	
  h	
  at	
  120	
  °C	
  (P	
  =	
  
14	
  bar).	
  The	
  orange	
  precipitate	
  of	
  [{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)]	
  was	
  collected	
  by	
  filtration	
  (46.1	
  
mg,	
  0.0375	
  mmol,	
  80.2%).	
   IR	
  (solid,	
  ν,	
  cm-­‐1)	
  3038	
  (m),	
  3017	
  (m),	
  1606	
  (m),	
  1582	
  (m),	
  1560	
  
(m),	
  15	
  50	
  (m),	
  1476	
  (s),	
  1418	
  (s),	
  1408	
  (m),	
  1321	
  (m),	
  1268	
  (m),	
  1217	
  (s),	
  1162	
  (m),	
  1122	
  (w),	
  
1107	
  (w),	
  1084	
  (w),	
  1065	
  (m),	
  1030	
  (s),	
  983	
  (w),	
  966	
  (w),	
  929	
  (w),	
  875	
  (m),	
  857	
  (w),	
  818	
  (s),	
  
791	
  (m),	
  771	
  (s),	
  753	
  (s),	
  742	
  (s),	
  727	
  (s),	
  668	
  (s),	
  633	
  (s),	
  601	
  (s).	
  ESI-­‐MS	
  (MeOH/CH2Cl2):	
  m/z	
  
1192.9	
   [M-­‐Cl]+	
   (calc.	
   1193.2),	
   657.2	
   [Ir(ppy)2(bpy)]+	
   (calc.	
   657.2),	
   501.1	
   [Ir(ppy)2]+	
   (calc.	
  
501.1).	
  C54H40Cl2Ir2N6.2H2O	
  requires	
  C,	
  51.30;	
  H,	
  3.51;	
  N,	
  6.65.	
  Found:	
  C,	
  51.24;	
  H,	
  3.28;	
  N,	
  
6.69.	
  NMR	
  spectroscopic	
  data:	
  see	
  text.	
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7.6.4. [Ir(ppy)2(tbpy)Cl]	
  
	
  
A	
  yellow	
  suspension	
  of	
   [Ir2(ppy)4(µ-­‐Cl)2]	
   (107	
  mg,	
  0.100	
  mmol)	
  and	
  tert-­‐butylpyridine	
   (27.0	
  
mg,	
  0.200	
  mmol)	
  in	
  methanol	
  (15	
  mL)	
  was	
  heated	
  in	
  a	
  microwave	
  reactor	
  for	
  4	
  h	
  at	
  120	
  °C	
  (P	
  
=	
  9	
  bar).	
  After	
  cooling	
  to	
  room	
  temperature,	
  the	
  yellow	
  mixture	
  was	
  put	
  in	
  the	
  freezer	
  (-­‐20	
  
°C)	
   for	
   48	
   hrs.	
   The	
   precipitate	
   was	
   filtered	
   and	
   washed	
   with	
   cold	
   methanol	
   (-­‐20	
   °C).	
   A	
  
mixture	
  of	
  products	
  as	
  seen	
  by	
  NMR	
  spectroscopy	
  was	
  isolated.	
  The	
  mixture	
  was	
  dissolved	
  in	
  
CH2Cl2	
   and	
   overlayered	
   with	
   Et2O.	
   A	
   few	
   crystals	
   of	
   X-­‐ray	
   quality	
   could	
   be	
   isolated	
   of	
  
[Ir(ppy)2(tbpy)Cl].	
   Redissolving	
   the	
   crystals	
   in	
   CD2Cl2	
   for	
   NMR	
   spectroscopy	
   resulted	
   in	
  
dissociation	
  of	
  the	
  product	
  to	
  a	
  mixture	
  of	
  compounds.	
  ESI-­‐MS	
  (MeOH)	
  m/z	
  636.2	
  [M-­‐PF6]+	
  
(calc.	
  636.2),	
  501.1	
  [Ir(ppy)2]+	
  (calc.	
  501.1).	
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8. Conclusion	
  and	
  outlook	
  
In	
   this	
   PhD	
   thesis,	
   a	
   series	
   of	
   new	
   iridium(III)	
   complexes	
  was	
   successfully	
   synthesized	
   and	
  
characterized.	
  Many	
  of	
  the	
  complexes	
  have	
  been	
  characterized	
  by	
  NMR	
  spectroscopy,	
  MS,	
  
EA	
  and	
  IR	
  as	
  well	
  as	
  by	
  X-­‐ray	
  analysis.	
  The	
  hindered	
  rotation	
  of	
  the	
  pendant	
  aromatic	
  rings	
  of	
  
the	
   ancillary	
   ligands	
   was	
   investigated	
   using	
   variable	
   temperature	
   NMR	
   spectroscopy.	
   In	
  
addition,	
  many	
  of	
  the	
  complexes	
  were	
  investigated	
  in	
  thin-­‐film	
  and/or	
  LEC	
  configuration.	
  	
  
A	
   key	
   issue	
   concerning	
   LEC	
   performance	
   (e.g.	
   the	
  maximum	
   luminance)	
   is	
   the	
   absence	
   of	
  
small	
   and	
   mobile	
   anions.	
   It	
   was	
   determined	
   that	
   chloride	
   plays	
   an	
   important	
   role	
   in	
  
decreasing	
  the	
  luminance	
  output	
  of	
  a	
  LEC	
  device.	
  A	
  facile	
  technique	
  to	
  prove	
  the	
  absence	
  of	
  
chloride	
  anions	
  is	
  described	
  (see	
  Chapter	
  2).	
  Upon	
  changing	
  the	
  size	
  and	
  molecular	
  mass	
  of	
  
the	
  anions,	
  their	
  mobility	
  under	
  an	
  applied	
  bias	
  has	
  successfully	
  been	
  changed	
  (see	
  Section	
  
3.6).The	
   emission	
  maximum	
  of	
   iridium(III)	
   complexes	
  was	
   successfully	
   shifted	
   towards	
   the	
  
blue	
   region	
   upon	
   modifications	
   of	
   both	
   the	
   ancillary	
   and	
   the	
   cyclometallating	
   ligands.	
   In	
  
solution	
  and	
  thin-­‐films,	
  these	
  blue-­‐emitting	
  complexes	
  exhibited	
  quantum	
  yields	
  up	
  to	
  100%	
  
(see	
  Section	
  4.6).	
  The	
  introduction	
  of	
  ancillary	
  ligands	
  containing	
  tpy	
  units	
  allowed	
  a	
  face-­‐to-­‐
face	
  π-­‐stacking	
  interaction	
  of	
  the	
  pendant	
  pyridine	
  ring	
  with	
  one	
  of	
  the	
  C^N	
  ligands,	
  as	
  was	
  
also	
  seen	
  with	
  the	
  pendant	
  phenyl	
  rings	
  introduced	
  into	
  bpy	
  ligands.	
  Upon	
  the	
  extension	
  of	
  
the	
  π-­‐conjugation	
  system	
  of	
  the	
  ancillary	
  tpy	
  ligand,	
  the	
  emission	
  maximum	
  could	
  be	
  shifted	
  
to	
  the	
  red	
  region	
  of	
  the	
  visible	
  spectrum	
  (see	
  Chapters	
  5	
  and	
  6).	
  Finally,	
  the	
  stereochemical	
  
complexity	
  of	
   the	
  octahedral	
   environment	
  of	
   iridium(III)	
   atoms	
  was	
   investigated	
  and	
   trials	
  
towards	
  making	
  multinuclear	
  species	
  have	
  successfully	
  been	
  carried	
  out.	
  
There	
   are	
   many	
   ways	
   to	
   achieve	
   an	
   overall	
   white	
   emission.	
   In	
   a	
   similar	
   fashion	
   to	
   LCD	
  
screens,	
   one	
   possibility	
   is	
   to	
   mix	
   3	
   complexes	
   which	
   emit	
   at	
   different	
   wavelengths	
   (red,	
  
green,	
   blue).	
   Another	
   approach	
   is	
   to	
   mix	
   only	
   2	
   complexes	
   (e.g.	
   orange	
   and	
   sky-­‐blue).	
  
However,	
   to	
  be	
  able	
   to	
   achieve	
  a	
   stable	
  white	
  emission,	
  blue	
  and	
   red	
   iridium(III)	
   emitters	
  
with	
  good	
  colour	
  purity	
  and	
  high	
  efficiency	
  are	
  required.	
  A	
  blue	
  emitting	
  ([Ir(dfppz)2(3)][PF6],	
  
λem	
  =	
  493	
  nm,	
  QY	
  =	
  0.72)	
  and	
  a	
  red	
  emitting	
  complex	
  ([Ir(dmppz)2(4)][PF6],	
  λem	
  =	
  642	
  nm,	
  QY	
  
=	
   0.062)	
   have	
   been	
   mixed	
   in	
   different	
   ratios	
   (from	
   1:0.002	
   to	
   1:6.5)	
   in	
   a	
   solution	
   of	
  
dichloromethane	
  (see	
  Figure	
  8.1),	
  analogous	
  to	
  reported	
  measurements	
  in	
  thin	
  films.1	
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Figure	
  8.1	
  Mixing	
  [Ir(dfppz)2(3)][PF6]	
  and	
  [Ir(dmppz)2(4)][PF6]	
  in	
  a	
  solution	
  of	
  DCM	
  (c	
  =	
  1E-­‐5	
  M,	
  λex	
  =	
  350	
  nm)	
  at	
  different	
  
ratios.	
  
With	
   an	
   excess	
   of	
   the	
   blue	
   emitting	
   complex,	
   due	
   to	
   the	
   high	
   quantum	
   yield,	
   the	
   blue	
  
emission	
   is	
   dominant.	
   Upon	
   addition	
   of	
   more	
   of	
   the	
   red	
   emitting	
   complex,	
   a	
   second	
  
emission	
  around	
  640	
  nm	
  begins	
  to	
  appear,	
  while	
  the	
  blue	
  emission	
  decreases.	
   It	
  has	
  to	
  be	
  
mentioned,	
  that	
  the	
  quantum	
  yields	
  of	
  the	
  two	
  complexes	
  are	
  very	
  different,	
  and	
  therefore	
  
it	
  is	
  more	
  likely	
  to	
  observe	
  a	
  blue	
  emission,	
  than	
  a	
  red	
  emission,	
  even	
  though	
  the	
  energy	
  of	
  
the	
  emitted	
  wavelength	
  is	
  higher	
  for	
  the	
  blue	
  than	
  the	
  red	
  emission.	
  	
  
These	
  measurements	
   are	
   only	
   a	
   proof	
   of	
   principle	
   and	
   need	
   further	
   efforts	
   to	
   achieve	
   an	
  
overall	
  white	
  emission.	
  	
  
Another	
   possibility	
   to	
   achieve	
   white	
   emission,	
   besides	
   mixing	
   two	
   emitting	
   salts,	
   is	
   to	
  
synthesize	
  a	
  system	
  where	
  both	
  the	
  cation	
  and	
  anion	
  are	
  emitting	
  iridium(III)	
  complexes	
  (see	
  
Scheme	
   8.1).	
   Preliminary	
   studies	
   have	
   focused	
   only	
   on	
   preparation	
   of	
   anionic	
   iridium(III)	
  
complexes	
  with	
  a	
  non-­‐emitting	
  cation,	
  e.g.	
  sodium	
  or	
  potassium.	
  The	
  substituents	
  on	
  both	
  
ions	
  must	
  be	
  carefully	
  selected,	
  in	
  order	
  to	
  get	
  an	
  overall	
  white	
  emission.	
  A	
  very	
  important	
  
part	
  will	
  be	
   the	
  quantum	
  yields	
  of	
   the	
   two	
   ions,	
  as	
   the	
  overall	
  emission	
  will	
  depend	
  on	
   it.	
  
Due	
  to	
  lack	
  of	
  time,	
  this	
  route	
  has	
  not	
  yet	
  been	
  fully	
  investigated,	
  but	
  would	
  be	
  interesting	
  
to	
  follow	
  in	
  the	
  future.	
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Scheme	
  8.1	
  A	
  salt	
  where	
  iridium(III)	
  complexes	
  play	
  the	
  role	
  of	
  both	
  cation	
  and	
  anion.	
  
The	
   discovery	
   of	
   the	
   influence	
   of	
   chloride	
   on	
   the	
   performance	
   of	
   LEC	
   devices	
   raises	
   the	
  
question:	
  are	
  the	
  short	
  lifetimes	
  of	
  the	
  blue	
  emitting	
  compounds	
  in	
  devices	
  connected	
  to	
  the	
  
presence	
   of	
   fluorine	
   atoms	
   in	
   the	
   cyclometallating	
   ligands?	
   It	
   has	
   been	
   reported,	
   that	
   in	
  
OLEDs,	
   fluorine	
   radicals	
   can	
   be	
   released	
   from	
   the	
   cyclometallating	
   ligands	
   (e.g.	
   2,4-­‐
difluorophenyl-­‐2-­‐pyridine)	
   followed	
  by	
  a	
   fast	
  decrease	
  of	
   the	
  device	
  performance.2	
  One	
  of	
  
the	
  current	
  research	
  targets	
  in	
  our	
  group	
  is	
  the	
  replacement	
  of	
  fluorine	
  with	
  other	
  electron-­‐
withdrawing	
  substituents,	
  as	
  the	
  fluorine	
  appears	
  to	
  have	
  a	
  detrimental	
  influence	
  upon	
  the	
  
lifetime	
  of	
  the	
  device.	
  	
  
Since	
  the	
  first	
  report	
  of	
  an	
  iridium-­‐based	
  light-­‐emitting	
  electrochemical	
  cell,	
  research	
  efforts	
  
in	
  this	
  field	
  have	
  yielded	
  many	
  significant	
  results.	
  Starting	
  from	
  a	
  yellow	
  emission,	
  the	
  range	
  
of	
   colours	
   has	
   been	
   enlarged	
   towards	
   blue	
   (452	
   nm)3	
   and	
   deep-­‐red	
   (687	
   nm)4	
   with	
   high	
  
colour	
   purity.	
   In	
   addition,	
   for	
   LEC	
   devices	
   the	
   lifetimes	
   have	
   been	
   increased	
   to	
   many	
  
thousands	
  of	
  hours	
  and	
  the	
  turn-­‐on	
  time	
  has	
  been	
  shortened.	
  There	
  are	
  still	
  many	
  goals	
  to	
  
achieve	
   in	
   the	
   near	
   future	
   before	
   a	
   product	
   can	
   become	
   commercially	
   viable.	
   The	
  
combination	
  of	
  high	
  efficiency,	
  high	
  brightness,	
  long	
  lifetime	
  and	
  short	
  turn-­‐on	
  time	
  in	
  a	
  LEC	
  
device	
   is	
   still	
   a	
   challenge.	
   Complexes	
   based	
   on	
   iridium	
   are	
   very	
   useful	
   models	
   for	
  
investigating	
   and	
   improving	
   the	
   properties	
   of	
   iTMC	
   based	
   LEC	
   devices.	
   In	
   future,	
   the	
  
research	
  should	
  aim	
  for	
  more	
  abundant	
  elements,	
  e.g.	
  zinc	
  or	
  copper,5	
  to	
  replace	
  the	
  core	
  
iridium	
  atom,	
  to	
  be	
  able	
  to	
  produce	
  commercial	
  LEC	
  products	
  over	
  a	
  long	
  period	
  of	
  time.	
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Compound	
  Name	
   	
   Lab-­‐Journal	
   	
   CIF-­‐File	
   	
   	
   CCDC	
  Code	
  
[Ir(ppy)2(bpy)][PF6]	
  Batch	
  1	
   GES115	
   	
   	
   sg080-­‐1_173k	
  
[Ir(ppy)2(bpy)][PF6]	
  Batch	
  2	
   GES161,	
  GES162	
   	
   GS161_123k	
  
[Ir(ppy)2(pbpy)][B(CN)4]	
   	
   GES071,	
  GES146	
   	
   GS71_123k	
  
[Ir(ppy)2(bpy)][B(CN)4]	
   	
   GES147	
   	
   	
   GS147_123k	
  
[Ir(ppy)2(pbpy)][BARF]	
   	
   GES150	
   	
   	
   GS150_123k	
  
[Ir(ppy)2(bpy)][BARF]	
   	
   GES151	
   	
   	
   GS151_123k	
  
[Ir2(dfppz)4(µ-­‐Cl)2]	
   	
   EB-­‐229	
   	
   	
   GS52-­‐2_173k	
   	
   	
   890	
  057	
  
[Ir(dfppz)2(pbpy)][PF6]	
   	
   GS050,	
  GS061	
   	
   GS50A-­‐2_173k	
   	
   	
   890	
  056	
  
[Ir(dfppz)2(1)][PF6]	
   	
   GS051	
   	
   	
  
Ligand	
  2	
  	
   	
   	
   SG123	
   	
   	
   gs052_123k	
   	
   	
   890	
  060	
  
[Ir(dfppz)2(2)][PF6]	
   	
   GS052,	
  GS060	
   	
   GS52R_173k	
   	
   	
   890	
  058	
  
[Ir(dfppz)2(3)][PF6]	
   	
   GS053,	
  GS062	
   	
   GS53A_173k	
   	
   	
   089	
  059	
  
[Ir(ppy)2(tpy)][PF6]	
   	
   GS063,	
  GES157	
   	
   GS063_173k	
  
[Ir(dmppz)2(tpy)][PF6]	
   	
   GS064	
   	
   	
   GS064_173k	
  
[Ir(ppy)2(4)][PF6]	
   	
   	
   GS065,	
  GES159	
   	
   GS065_173k	
  
[Ir(dmppz)2(4)][PF6]	
   	
   GES092	
   	
   	
   GS92_123k	
  
[Ir(dmppz)2(5)][PF6]2	
   	
   GES100,	
  GES101	
   	
   GS101_173k	
  
[Ir(ppy)2(6)][PF6]	
   	
   	
   GS066,	
  GES158	
   	
   GS66_123k	
  
[Ir(ppy)2(7)][PF6]	
   	
   	
   GES089	
   	
   	
   GS089_173k	
  
[Ir(ppy)2(8)][PF6]	
   	
   	
   GES090	
   	
   	
   GS90_123k	
  
[Ir(ppy)2(9)][PF6]	
   	
   	
   GES091	
   	
   	
   GS91_123k	
  
[Ir(ppy)2(2,4’-­‐bpy)Cl]	
   	
   GS032,	
  GS033	
   	
   GS032_173k	
   	
   	
   881	
  635	
  
[Ir(ppy)2(2,4’-­‐bpy)2][PF6]	
   	
   GES105	
   	
   	
   GS105_173k	
   	
   	
   881	
  636	
  
[{Ir(ppy)2Cl}2(µ-­‐4,4’-­‐bpy)]	
   	
   GES098	
  
[Ir(ppy)2(tbpy)Cl]	
  	
   	
   GES112,	
  GES145	
   	
   GS112_173k	
  
	
  
	
  
	
  
	
  
